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ABSTRACT
SENSORS BASED ON 
IMMOBILIZED FLUOROGENIC REAGENTS
t>y
L i n d a  A. S a a r i  
U n i v e r s i t y  o f  New H a m p sh i r e ,  May 1933
S e n s o r s  "based on  t h e  f l u o r e s c e n c e  o f  i m m o b i l i z e d  f l u o r o -  
g e n i c  r e a g e n t s  a r e  p r e p a r e d  and  t h e i r  c h a r a c t e r i s t i c s  a r e  
d e f i n e d .  The f l u o r o g e n i c  r e a g e n t  i s  c h e m i c a l l y  i m m o b i l i z e d  
on a  s o l i d  s u p p o r t  a n d  a t t a c h e d  to  t h e  common end o f  a  
b i f u r c a t e d  f i b e r  o p t i c  b u n d l e .  F l u o r e s c e n c e  i s  e x c i t e d  
t h r o u g h  one arm o f  t h e  f i b e r  o p t i c  and  o b s e r v e d  t h r o u g h  t h e  
o t h e r  arm.
The f l u o r o g e n i c  r e a g e n t s  f l u o r e s c e i n a m i n e ,  m o r in ,  c a l ­
c e i n ,  and  q u i n a l i z a r i n  a r e  i m m o b i l i z e d  on  p ow d ered  c e l l u l o s e  
v i a  c y a n u r i c  c h l o r i d e .  R e a g e n t s  i m m o b i l i z e d  on c e l l u l o s e  
v i a  c y a n u r i c  c h l o r i d e  a r e  s t a b l e  up t o  pH 8 .  Above pH 8 
t h e  r e a g e n t  i s  h y d r o l y z e d  f ro m  t h e  s u r f a c e .  F l u o r e s c e i n ­
amine i s  a l s o  i m m o b i l i z e d  on c o n t r o l l e d  p o r e  g l a s s .
C o n s i s t e n t  w i t h  p r e v i o u s  s t u d i e s  o f  t h e  pH d e p e n d e n c e  
o f  f l u o r e s c e i n ,  t h e  f l u o r e s c e n c e  f rom  t h e  i m m o b i l i z e d  
f l u o r e s c e i n a m i n e  s e n s o r  i n c r e a s e s  w i t h  pH. I m m o b i l i z e d  
f l u o r e s c e i n a m i n e  s e r v e s  a s  a  v i a b l e  pH s e n s o r ,  b u t  f l u o r e s ­
c e i n a m i n e  i m m o b i l i z e d  on c e l l u l o s e  c a n  n o t  be u s e d  above  
pH 8 b e c a u s e  o f  s t a b i l i t y  l i m i t a t i o n s .
xii
Im m o b i l i z e d  m o r i n  s e r v e s  a s  a s e n s o r  f o r  A l ( I I I )  and
B e ( I I ) .  When i m m o b i l i z e d  m o r in  i s  p l a c e d  i n  a  s o l u t i o n
c o n t a i n i n g  A l ( I I I )  o r  B e ( I I ) ,  f l u o r e s c e n c e  i s  o b s e r v e d  f ro m
-6t h e  m o r i n - m e t a l  c o m p le x .  R e s p o n s e  i s  l i n e a r  f ro m  10 t o  
1 0 ' ^  M A l ( I I I )  o r  B e ( I I )  a t  pH 4 . 8  a n d  5*2 ,  r e s p e c t i v e l y .
The d e t e c t i o n  l i m i t ,  w h ic h  i s  e s t a b l i s h e d  by v a r i a t i o n s  i n
_ _ / T
b a c k g r o u n d  s i g n a l ,  i s  1 x 10~ M A l ( I I I )  o r  B e ( I I ) .  The 
r e s p o n s e  t im e  i s  1 -2  m i n u t e s .  C o n d i t i o n a l  b i n d i n g  c o n s t a n t s  
f o r  t h e  i m m o b i l i z e d  m o r i n - m e t a l  c o m p le x e s  a r e  on  t h e  o r d e r
-3 Ll
o f  10^ t o  10 f o r  t h e  pH r a n g e  3 t o  5* Under  c o n d i t i o n s  o f  
t h i s  s t u d y ,  t h e  s e n s o r  e x t r a c t s  a b o u t  1% o f  t h e  A l ( I I I )  o r  
B e ( I I )  i n  t h e  sa m p le  when o p e r a t i n g  i n  t h e  r a n g e  o f  l i n e a r  
r e s p o n s e  a n d ,  t h u s ,  s e r v e s  a s  a t r u e  e q u i l i b r i u m  s e n s o r  
w h ich  d o e s  n o t  p e r t u r b  t h e  s y s t e m .  F e ( I I I )  and  C u ( I I )  
i n t e r f e r e  by q u e n c h i n g  t h e  f l u o r e s c e n c e  o f  t h e  i m m o b i l i z e d  
m o r i n - m e t a l  c o m p lex .
The f l u o r e s c e n c e  f ro m  i m m o b i l i z e d  c a l c e i n  i s  q u e n c h e d  
by C u ( I I ) ,  C o ( I I ) ,  and  N i ( I I )  i n  t h e  pH r a n g e  5 t o  7- 
S t r o n g  c a l c e i n - m e t a l  c o m p le x e s  a r e  fo rm ed  a s  e v i d e n c e d  by 
c o n d i t i o n a l  b i n d i n g  c o n s t a n t s  f o r  i m m o b i l i z e d  c a l c e i n  on t h e  
o r d e r  o f  10^ t o  1012 ( C u ( I I ) ,  pH 5 and  7,  r e s p e c t i v e l y ) .  
I m m o b i l i z e d  c a l c e i n  e x t r a c t s  a  h i g h  p e r c e n t a g e  o f  m e t a l  and  
d o e s  n o t  f u n c t i o n  a s  a t r u e  s e n s o r .  B e ca u se  i m m o b i l i z e d  
c a l c e i n  i s  e f f e c t i v e  i n  e x t r a c t i n g  m e t a l ,  i t  c a n  be u s e d  a s  
a  c h e l a t i n g  r e s i n  o r  a s  a n  i n d i c a t o r  f o r  c h e l a t o m e t r i c  




The i d e a l  d e v i c e  f o r  many a n a l y t i c a l  m e a s u r e m e n t s  i s  a  
" s e n s o r "  w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s .  I t  s h o u l d  be 
e a s i l y  im m ersed  i n t o  t h e  s y s t e m  o f  i n t e r e s t ,  be s e l e c t i v e  
f o r  t h e  a n a l y t e ,  r e s p o n d  c o n t i n u o u s l y  t o  t h e  a n a l y t e ,  be 
e a s i l y  c a l i b r a t e d ,  a n d ,  v e r y  i m p o r t a n t l y ,  n o t  p e r t u r b  t h e  
s y s t e m .  B e c a u se  t h e  im m e rs io n  o f  a  s e n s o r  d o e s  n o t  p e r t u r b  
t h e  s y s t e m ,  t h e  c o n c e n t r a t i o n s  o f  i o n s  p a r t i c i p a t i n g  i n  
o t h e r  e q u i l i b r i a  c a n  be d e t e r m i n e d .  The u s e  o f  s e n s o r s  f o r  
c o n t i n u o u s  a n a l y s i s  i s  a n o t h e r  i m p o r t a n t  a d v a n t a g e  s i n c e  
s e n s o r s  g i v e  c h e m i c a l  i n f o r m a t i o n  a s  a  f u n c t i o n  o f  t i m e .
P o t e n t i o m e t r i c  e l e c t r o d e s  h a v e  m os t  o f  t h e  above  c h a r ­
a c t e r i s t i c s .  I n  p o t e n t i o m e t r y  t h e  b a s i s  f o r  t h e  m easu re m e n t  
i s  t h e  d e v e l o p m e n t  o f  a  p o t e n t i a l  w h ic h  i s  r e l a t e d  t o  t h e
c o n c e n t r a t i o n  o f  t h e  a n a l y t e .  P o t e n t i o m e t r i c  e l e c t r o d e s  a r e
+
w i d e l y  u s e d  f o r  a n a l y s i s  o f  m o n o v a l e n t  i o n s  s u c h  a s  H , Na ,
+ 2+ 2+K , F , C l  , and  Br ; and  d i v a l e n t  i o n s  su c h  a s  Ca , Cu ,
O-f
and Cd ( 1 , 2 ) .  However ,  p o t e n t i o m e t r i c  e l e c t r o d e s  have  
l i m i t a t i o n s  s u c h  a s  p o o r  s e l e c t i v i t y  i n  many c a s e s  and  s u s ­
c e p t i b i l i t y  t o  e l e c t r i c a l  i n t e r f e r e n c e .  They a r e  a l s o  s u b ­
j e c t  t o  f o u l i n g  and  a r e  n o t  a v a i l a b l e  f o r  many i o n s .  T h e r e ­
f o r e ,  i t  w ou ld  be d e s i r a b l e  t o  d e v e l o p  o t h e r  t y p e s  o f  
s e n s o r s  w h ic h  r e s p o n d  t o  d i f f e r e n t  a n a l y t e s  o r  a v o i d  some o f  
t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  e l e c t r o d e s .  R e c e n t
1
r e s e a r c h  h a s  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  d e v e l o p i n g  
o p t i c a l  s e n s o r s  i n  w h ic h  t h e  b a s i s  f o r  t h e  m e a su re m e n t  i s  a  
c h an g e  i n  t h e  o p t i c a l  p r o p e r t i e s  o f  a  s e n s i n g  e l e m e n t  on t h e  
end o f  a  f i b e r  o p t i c .  T hese  c h a n g e s  c a n  i n v o l v e  a b s o r b a n c e ,  
f l u o r e s c e n c e ,  r e f l e c t a n c e ,  c h e m i l u m i n e s c e n c e , o r  p h o s p h o r ­
e s c e n c e  .
To d a t e  t h e r e  h a s  b e e n  v e r y  l i t t l e  p u b l i s h e d  d e a l i n g  
w i t h  o p t i c a l  s e n s o r s .  A pH s e n s o r  b a s e d  on  dye a b s o r p t i o n  
and  f i b e r  o p t i c s  h a s  b e e n  r e p o r t e d  by P e t e r s o n  ( 3 f ^ ) *  T h i s  
s e n s o r  i s  b a s e d  on  p h e n o l  r e d  ( p h e n o l s u l f o n p h t h a l e i n ) . I n  
t h e  p h y s i o l o g i c a l  pH ran.ge t h e  dye b e h a v e s  a s  a  weak a c i d  o f  
pK 7 . 9  and  e x i s t s  i n  two t a u t o m e r i c  f o r m s ,  e a c h  h a v i n g  a 
s l i g h t l y  d i f f e r e n t  a b s o r p t i o n  s p e c t r u m  ( 3 ) -  As t h e  pH o f  a  
s o l u t i o n  c o n t a i n i n g  i n d i c a t o r  i s  v a r i e d ,  t h e  r e l a t i v e  s i z e  
o f  e a c h  t a u t o m e r ’ s a b s o r p t i o n  p e a k  v a r i e s  i n  p r o p o r t i o n  to  
t h e  c h a n g i n g  r e l a t i v e  c o n c e n t r a t i o n  o f  t h e  a c i d  and  b a se  
f o rm s  o f  t h e  dye (3)*  T h e r e f o r e ,  t h e  a b s o r b a n c e  o f  t h e  dye 
a t  one o f  t h e  a b s o r p t i o n  maxima s e r v e s  a s  a n  i n d i c a t o r  o f  
pH. P h e n o l  r e d  i s  bound  t o  m i c r o s p h e r e s  o f  p o l y a c r y l a m i d e  
and  p a c k e d  a l o n g  w i t h  s m a l l e r  m i c r o s p h e r e s  o f  p o l y s t y r e n e  
( t o  p r o m o te  l i g h t  s c a t t e r i n g )  i n t o  a n  e n v e l o p e  o f  d i a l y s i s  
t u b i n g  a t  t h e  end o f  a  p a i r  o f  p l a s t i c  o p t i c a l  f i b e r s  a s  
shown i n  F i g u r e  1. T h i s  0 . 4  mm d i a m e t e r ,  f l e x i b l e  s e n s o r  
m e a s u r e s  pH o v e r  t h e  r a n g e  7*0 t o  7*4 t o  t h e  n e a r e s t  0 .0 1  
pH u n i t .  The s e n s o r  d o e s  n o t  r e q u i r e  a n  e l e c t r i c a l  c o n n e c ­
t i o n  w h ic h  i s  a n  a d v a n t a g e  f o r  pH m e a s u r e m e n t s  i n  v iv o  (3)*
I n  a d d i t i o n  t o  t h e  s e n s o r  r e p o r t e d  by  P e t e r s o n ,  s e n s o r s
n3
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F i g u r e  1: D ia g ra m  o f  P e t e r s o n ' s  f i b e r  o p t i c  pH p r o b e  ( ^ ) .
kf o r  o x y gen  (5)  and c h l o r i n e  d i o x i d e  (6 )  h a s e d  on  c h e m i l u m in -  
e s c e n c e  (CL) have  b e e n  r e p o r t e d .  A pH s e n s o r  b a s e d  on 
f l u o r e s c e n c e  h a s  a l s o  b e e n  r e p o r t e d ,  b a s e d  on r e s e a r c h  
d e s c r i b e d  i n  t h i s  t h e s i s  (7)* CL s e n s o r s  a r e  b a s e d  on two 
p h a s e  CL s y s t e m s  i n  w h ich  a  r e a g e n t  r e q u i r e d  f o r  a  CL r e a c ­
t i o n  i s  i m m o b i l i z e d .  When t h e  sam ple  c o n t a c t s  t h e  r e a g e n t  
p h a s e  t h e  a n a l y t e  d i f f u s e s  a c r o s s  t h e  i n t e r f a c e  u n d e r  a  
c o n c e n t r a t i o n  g r a d i e n t  ( 8 ) .  Once i n  t h e  r e a g e n t  p h a s e ,  t h e  
a n a l y t e  r e a c t s  t o  p r o d u c e  CL, and  t h e  CL i n t e n s i t y  i s  
m easu re d  ( 8 ) .  The o x y g en  m e a s u r i n g  d e v i c e  (5 )  c o n s i s t s  o f  
a r e a g e n t  cham ber  c o n t a i n i n g  t e t r a k i s  1 , 4 - d i m e t h y l a m i n o -  
e t h y l e n e  s e p a r a t e d  f ro m  t h e  a n a l y t e  by a  T e f l o n  membrane. 
When t h e  membrane c o n t a c t s  a n  o x y g e n - c o n t a i n i n g  s a m p le ,  CL 
i s  o b s e r v e d  a s  o x ygen  d i f f u s e s  t h r o u g h  t h e  membrane to  r e a c t  
w i t h  t h e  a m i n o e t h y l e n e . A s t e a d y  s t a t e  i s  a c h i e v e d  when t h e  
r a t e  a t  w h ich  o x yg en  d i f f u s e s  t h r o u g h  t h e  membrane i s  e q u a l  
t o  t h e  r a t e  a t  w h ich  o xygen  r e a c t s .  The oxygen  s e n s o r  
o f f e r s  t h e  a d v a n t a g e s  o f  s e l e c t i v i t y  and  s e n s i t i v i t y ,  b u t  
s u f f e r s  t h e  d i s a d v a n t a g e s  o f  r e a g e n t  d e g r a d a t i o n  and  t h e  
need  t o  e x c l u d e  a m b i e n t  l i g h t  ( 5 ) -  The c h l o r i n e  d i o x i d e  
s e n s o r  (6 )  c o n s i s t s  o f  a  CL f l o w  c e l l  w i t h  a  s i l i c o n e - p o l y -  
c a r b o n a t e  c o p o ly m e r  membrane s e p a r a t i n g  t h e  l u m i n o l - p e r o x i d e  
r e a g e n t  f ro m  c h l o r i n e  d i o x i d e .  CL i n t e n s i t y  v a r i e s  w i t h  
a n a l y t e  c o n c e n t r a t i o n  and r e a g e n t  f l o w .  D i s s o l v e d  c h l o r i n e  
d i o x i d e  c a n  be m e a s u r e d  a t  su b  ppm l e v e l s  ( 6 ) .
A l t h o u g h  t h e  number  o f  p u b l i c a t i o n s  on o p t i c a l  s e n s o r s  
i s  s t i l l  q u i t e  s m a l l ,  t h e r e  i s  c o n s i d e r a b l e  i n t e r e s t  i n
SL
5
t h e i r  d e v e l o p m e n t .  O ngo ing  r e s e a r c h  i s  d e s c r i b e d  i n  r e c e n t  
news a r t i c l e s  i n  S c i e n c e  (9 )  and C h e m ic a l  and  E n g i n e e r i n g  
News ( 1 0 ) ,  and  i n  t h e  FOCUS s e c t i o n  o f  A n a l y t i c a l  C h e m i s t r y
( 1 1 ) .  T h ese  a r t i c l e s  u s e  t h e  t e r m  " o p t r o d e , "  w h ich  comes 
f ro m  o p t i c a l  e l e c t r o d e  t o  d e s c r i b e  o p t i c a l  s e n s o r s .  The 
m a j o r  g o a l  i n  t h e  r e s e a r c h  i s  t o  d e v e l o p  o p t r o d e s  f o r  r e ­
mote  s e n s i n g .  F i b e r  o p t i c  b a s e d  s e n s o r s  a r e  a t t r a c t i v e  f o r  
r e m o te  s e n s i n g  b e c a u s e  no e l e c t r i c a l  c o n n e c t i o n  i s  n e e d e d ,  
o f f e r i n g  s a f e t y  and  f r e e d o m  f rom  e l e c t r i c a l  i n t e r f e r e n c e .
I n  a d d i t i o n ,  f i b e r  o p t i c s  h a v e  h i g h  d a t a ' c a r r y i n g  c a p a c i t y ,  
a r e  r e s i s t a n t  t o  c o r r o s i v e  a t m o s p h e r e s ,  and a r e  r e l a t i v e l y  
low i n  c o s t  ( 1 0 ) .
The news a r t i c l e s  d e s c r i b e  r e s e a r c h  by Tomas H i r s c h f e l d  
and  c o w o r k e r s  a t  L aw re n ce  L iv e r m o r e  L a b o r a t o r y  t o  d e v e lo p  
a p p a r a t u s  f o r  m e a s u r i n g  t h e  r e s p o n s e  o f  v a r i o u s  o p t r o d e s .
A d i a g r a m  o f  t h e  a p p a r a t u s  i s  shown i n  F i g u r e  2. T h ree  ways 
o f  u s i n g  t h e  f i b e r  o p t i c  a s  a n  o p t r o d e  a r e  d e s c r i b e d  and 
shown i n  F i g u r e  3- One c a n  u s e  a  c u v e t t e  on t h e  f i b e r  to  
m ea su re  t h e  f l u o r e s c e n c e  o f  a n a l y t e  ( c u v e t t e  o p t r o d e ) ,  f o c u s  
t h e  s i g n a l  f rom  t h e  f i b e r  u s i n g  a  s a p p h i r e  b a l l  ( s a p p h i r e  
b a l l  o p t r o d e ) ,  o r  u s e  a  membrane t o  s e p a r a t e  t h e  a n a l y s i s  
r e g i o n  f ro m  sam ple  (membrane o p t r o d e )  ( 1 0 ) .  Work i s  r e p o r t ­
ed t o  be i n  p r o g r e s s  on o p t r o d e s  t o  m e a su re  t e m p e r a t u r e ,  
p r e s s u r e ,  pH, d i s s o l v e d  o x yg en ,  c h l o r i d e ,  i o d i d e ,  i r o n ,  
u r a n y l ,  p l u t o n i u m ,  and  s u l f a t e  i o n s  ( 1 0 , 1 1 ) .  O p e r a t i n g  
c h a r a c t e r i s t i c s  f o r  t h e  o p t r o d e s  a r e  n o t  m e n t i o n e d ,  b u t  
many o f  t h e s e  a r e  b a s e d  oh a n  i n d i r e c t  r e a c t i o n  f o r m i n g  a
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F i g u r e  2: D ia g ra m  o f  H i r s c h f e l d ' s  a p p a r a t u s  f o r  Remote
F i b e r  F l u o r i m e t r y  (RFF) (1 0 )
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F i g u r e  3: D ia g ra m  o f  H i r s c h f e l d ' s  " o p t r o d e s ” (10)
8s u b s t a n c e  whose f l u o r e s c e n c e  c a n  be m e a s u r e d .  F o r  e x am p le ,  
a n  i o d i n e  o p t r o d e  b a s e d  on  t h e  q u e n c h i n g  o f  r u b r e n e  f l u o r e s ­
c e n c e  i s  m e n t i o n e d  ( 1 1 ) .
The s e n s o r s  t h a t  a r e  t h e  f o c u s  o f  t h i s  t h e s i s  a r e  b a s e d  
on t h e  f l u o r e ' s c e n c e  o f  i m m o b i l i z e d  f l u o r o g e n i c  r e a g e n t s .  A 
r e a g e n t  whose f l u o r e s c e n c e  c h a r a c t e r i s t i c s  c h a n g e  w i t h  pH 
a n d / o r  m e t a l  i o n  a c t i v i t y  i s  c h e m i c a l l y  i m m o b i l i z e d  on a n  
i n s o l u b l e  s o l i d  s u b s t r a t e .  The i m m o b i l i z e d  r e a g e n t  i s  
a t t a c h e d  t o  t h e  end o f  a  b i f u r c a t e d  f i b e r  o p t i c  b u n d l e .  The 
f l u o r e s c e n c e  o f  t h e  i m m o b i l i z e d  r e a g e n t  i s  e x c i t e d  t h r o u g h  
one arm o f  t h e  f i b e r  o p t i c  a nd  m e a s u r e d  t h r o u g h  t h e  o t h e r  
arm. T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  4 .  The f l u o r e s c e n c e  o f  
t h e  r e a g e n t  c a n  be  m e a s u r e d  a s  a  f u n c t i o n  o f  pH o r  m e t a l  i o n  
a c t i v i t y .  The f l u o r e s c e n c e  i n t e n s i t y  c a n  t h e n  be u s e d  a s  a  
m e a su re  o f  pH o r  m e t a l  i o n  a c t i v i t y .
The g o a l s  o f  t h e  r e s e a r c h  w ere  t o  d e m o n s t r a t e  t h e  
f e a s i b i l i t y  an d  c a p a b i l i t y  o f  s e n s o r s  b a s e d  on  i m m o b i l i z e d  
f l u o r o g e n i c  r e a g e n t s  by  t h e  c h a r a c t e r i z a t i o n  o f  s e v e r a l  
s p e c i f i c  i o n  s e n s o r s .  The i n s t r u m e n t a t i o n  d e v e l o p e d  to  
m e a s u r e  t h e  f l u o r e s c e n c e  o f  t h e  i m m o b i l i z e d  r e a g e n t s  i s  
d e s c r i b e d  i n  C h a p t e r  I I .  The c h a r a c t e r i s t i c s  o f  a  pH s e n s o r  
b a s e d  on  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  a r e  d e s c r i b e d  i n  
C h a p t e r  I I I .  S e n s o r s  f o r  A l ( I I I )  a nd  B e ( I I )  b a s e d  on 
i m m o b i l i z e d  m o r in  a r e  d e s c r i b e d  i n  C h a p t e r  IV. P r o p e r t i e s  
o f  i m m o b i l i z e d  c a l c e i n  a s  a  p o s s i b l e  s e n s o r  f o r  C u ( I I ) ,  
C o ( I I ) ,  and  N i ( I I )  a r e  o u t l i n e d  i n  C h a p t e r  V, and  work on 
o t h e r  i m m o b i l i z e d  r e a g e n t s  n o t  s u i t a b l e  f o r  s e n s o r s  i s  
m e n t i o n e d  i n  C h a p t e r  VI.
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F i g u r e  4 :  D ia g ra m  o f  B i f u r c a t e d  f i b e r  o p t i c  w i t h  i m m o b i l i z ­
ed  f l u o r o g e n i c  r e a g e n t  (F)  on  t h e  common e n d .  
E x c i t a t i o n  (EX) o f  t h e  f l u o r e s c e n c e  o f  t h e  
i m m o b i l i z e d  r e a g e n t  i s  a c c o m p l i s h e d  t h r o u g h  one 
arm a n d  e m i s s i o n  (EM) i s  o b s e r v e d  t h r o u g h  t h e  




I n t r o d u c t i o n
The i n s t r u m e n t a t i o n  .for  m e a s u r i n g  t h e  f l u o r e s c e n c e  o f  
i m m o b i l i z e d  f l u o r o g e n i c  r e a g e n t s  was b u i l t  a r o u n d  t h e  b a s i c  
i d e a  d e p i c t e d  i n  F i g u r e  The i n s t r u m e n t a t i o n  d e v e l o p e d  
was b a s i c a l l y  a  f i b e r  o p t i c  f l u o r o m e t e r  c o n s i s t i n g  o f  a  
s o u r c e ,  a  b i f u r c a t e d  f i b e r  o p t i c  b u n d l e  (w h ich  c o n s i s t s  o f  
two b u n d l e s  o f  o p t i c a l  f i b e r s  t h a t  m ee t  i n  a common end
( 1 2 ) ) ,  i n t e r f e r e n c e  f i l t e r s ,  and  a  p h o t o m u l t i p l i e r  t u b e .  
B ecause  t h e  c h a r a c t e r i z a t i o n  o f  t h e  i m m o b i l i z e d  r e a g e n t  
r e q u i r e s  m e a su re m e n t  o f  f l u o r e s c e n c e  s p e c t r a ,  a  m ethod  f o r  
m e a s u r i n g  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f  e x c i t a t i o n  
w a v e l e n g th  was n e e d e d .  I n  o r d e r  t o  o b t a i n  e x c i t a t i o n  s p e c ­
t r a ,  a n  SLM 8000 s p e c t r o f l u o r o m e t e r  was m o d i f i e d  so t h a t  
t h e  s o u r c e  a n d  d e t e c t o r  c o u l d  be a t t a c h e d  t o  t h e  f i b e r  o p t i c  
a rms and  t h e  s c a n n i n g  c a p a b i l i t y  o f  t h e  m anua l  e x c i t a t i o n  
m o n o ch ro m ato r  c o u l d  be u t i l i z e d .
I n  t h i s  e x p e r i m e n t a l  c h a p t e r  t h e  f i b e r  o p t i c  f l u o r o ­
m e t e r  and  th e  SLM s p e c t r o f l u o r o m e t e r  a n d  i t s  a t t a c h m e n t  a r e  
d e s c r i b e d .  P r o c e d u r e s  f o r  m e a s u r i n g  t h e  c h a r a c t e r i s t i c  
r e s p o n s e  o f  t h e  i m m o b i l i z e d  r e a g e n t s  on t h e  o p t i c  s u r f a c e  
and  i n  s o l u t i o n  a r e  p r e s e n t e d .  O t h e r  i n s t r u m e n t a t i o n  u s e d  
i n  t h e  p r o j e c t  i s  a l s o  d e s c r i b e d .
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I n s t r u m e n t a l
F i b e r  O p t i c  P ' l u o r o m e te r
The f i b e r  o p t i c  f l u o r o m e t e r  i s  d iagramm ed i n  F i g u r e  5* 
I t  c o n s i s t s  o f  a t u n g s t e n  h a l o g e n  lamp (250 W, 5000 lu m e n s ,  
Edmund S c i e n t i f i c ) ,  a  s o u r c e  h o u s i n g  w i t h  c o o l i n g  f a n  and  
t h e  c a p a c i t y  t o  h o l d  f i l t e r s ,  a  b i f u r c a t e d  f i b e r  o p t i c  
b u n d le  t h r e a d e d  t o  f i t  t h e  o t h e r  co m p o n e n ts  ( ^ . 5  ran b u n d l e  
d i a m e t e r ,  g l a s s  f i b e r s ,  F i b e r  O p t i c  T e c h n o l o g y ) ,  a  p h o t o ­
m u l t i p l i e r  t u b e  (RCA 1P21 o p e r a t e d  a t  700 V) ,  a  p h o t o m u l t i ­
p l i e r  t u b e  h o u s i n g  w i t h  a  v a r i a b l e  s l i t  w i d t h  and  t h e  c a p a ­
c i t y  to  h o l d  f i l t e r s ,  and  a  d i g i t a l  p h o t o m e t e r / p o w e r  s u p p l y  
(SPEX DPC-2) .  The s i g n a l  f rom  t h e  p h o t o m e t e r  i s  r e c o r d e d  on 
a  H e a th  SR-255B s t r i p  c h a r t  r e c o r d e r .  The sa m p le  i s  c o n ­
t a i n e d  i n  a  15 mL b e a k e r  c o v e r e d  by  a  l i g h t - t i g h t  a luminum 
c a s i n g  w i t h  a n  i n j e c t i o n  p o r t .  A s h u t t e r  i s  l o c a t e d  b e tw e e n  
t h e  s o u r c e  and  f i b e r  o p t i c  t o  p r e v e n t  p o s s i b l e  d e c o m p o s i t i o n  
o f  i m m o b i l i z e d  r e a g e n t  when t h e  s o u r c e  i s  on ,  b u t  t h e  s y s t e m  
i s  n o t  b e i n g  u s e d .  A n o t h e r  s h u t t e r  i s  l o c a t e d  i n  f r o n t  o f  
t h e  d e t e c t o r  an d  e x c l u d e s  l i g h t  when t h e  common end o f  t h e  
f i b e r  o p t i c  i s  e x p o s e d  t o  a m b ie n t  l i g h t .  F i l t e r s  u s e d  to  
s e l e c t  t h e  e x c i t a t i o n  and  e m i s s i o n  w a v e l e n g t h s  were d i e l e c ­
t r i c  i n t e r f e r e n c e  f i l t e r s  (2" x 2" f i l t e r s  f ro m  O r i e l ,  1" x 
f i l t e r s  f ro m  Edmund S c i e n t i f i c )  w i t h  7 -10  nm b a n d w i d th  a t  
h a l f  maximum t r a n s m i t t a n c e .
The SLM S p e c t r o f l u o r o m e t e r  and  A t t a c h m e n t s
The SLM s p e c t r o f l u o r o m e t e r  w h ic h  i s  d iagramm ed i n
SOURCE







LIGHT TIGHT SHIELD 
HOLDER
REAGENT LAYER
F i g u r e  5 s D ia g ra m  o f  F i b e r  O p t i c  F l u o r o m e t e r
F i g u r e  6 i s  a  m o d u la r  i n s t r u m e n t  w h ich  c o n t a i n s  an  LH-450 
x en o n  a r c  lam p ,  and  OP-450 o p t i c a l  m odu le ,  a n  MC 300 c o n c a v e  
h o l o g r a p h i c  m anual  m o n o c h ro m a to r ,  and  a  p h o t o m u l t i p l i e r  t u b e  
w i t h  a  v a r i a b l e  v o l t a g e  s u p p l y  f o r  e a c h  o f  two c h a n n e l s ,  A 
a nd  B. T h re e  p o l a r i z e r s  a r e  c o n t a i n e d  i n  t h e  i n s t r u m e n t .  A 
G lan-Thom pson  c a l c i t e  p r i s m  i s  c o n t a i n e d  b e tw e e n  t h e  s o u r c e  
and  t h e  sa m p le  c o m p a r tm e n t ,  and  two P o l a r o i d  HNP'B p o l a r i z ­
e r s  a r e  i n  f r o n t  o f  t h e  d e t e c t o r s .  The sa m p le  c o m p a r tm e n t  
f o r  s o l u t i o n  m e a s u r e m e n t s  c o n t a i n s  a  c u v e t t e  h o l d e r  w i t h  
m a g n e t i c  s t i r r i n g  and  t e m p e r a t u r e  c o n t r o l .  The SLM e l e c ­
t r o n i c s  o f f e r  a  b a c k g r o u n d  s u b t r a c t i o n  f e a t u r e .
A t t a c h m e n t s  t o  t h e  SLM s p e c t r o f l u o r o m e t e r  f o r  m e a s u r e ­
m en ts  on t h e  o p t i c  s u r f a c e  a r e  d iagramm ed i n  F i g u r e  7- The 
c u v e t t e  h o l d e r  and  s t i r r e r  p o r t i o n  o f  t h e  sam ple  cham b er  a r e  
removed and t h e  e x c i t a t i o n  and  e m i s s i o n  a rm s  o f  t h e  b i f u r ­
c a t e d  f i b e r  o p t i c  a r e  a t t a c h e d  t o  t h e  s o u r c e  and  d e t e c t o r  
l e n s  h o u s i n g s  i n  t h e  sa m p le  c h am b er  by means o f  l i g h t - t i g h t  
a luminum f i t t i n g s  and  0 r i n g s .
O t h e r  I n s t r u m e n t a t i o n
An O r i o n  D i g i t a l  I o n a l y z e r / 5 0 1  was u s e d  to  m e a s u r e  pH. 
F l u o r e s c e n c e  e x c i t a t i o n  and  e m i s s i o n  s p e c t r a  o f  s o l u t i o n s  
were  m e a su re d  on  a  P e r k i n  E lm e r  204 s p e c t r o f l u o r o m e t e r .  A 
B ausch  and Lomb s p e c t r o m e t e r  was u s e d  t o  m e a s u r e  UV-VIS 
a b s o r p t i o n .  I n f a r e d  s p e c t r a  were  m e a s u r e d  on a  P e r k i n  E lm er  
283B I n f a r e d  s p e c t r o m e t e r .  E l e m e n t a l  a n a l y s i s  (C,H,N) was 
done on a P e r k i n  E lm e r  240B E l e m e n t a l  A n a l y z e r .








F i g u r e  6 : S i m p l i f i e d  d i a g r a m  o f  t h e  SLM s p e c t r o f l u o r o ­
m e t e r  a n d  t h e  i n t e r i o r  o f  t h e  OP-450 ( f r o m  u s e r ' s  
m a n u a l ) .  FH = f i l t e r  h o l d e r ;  BSC = beam s p l i t t e r  
c o n t r o l ;  PW = p o l a r i z e r  h o u s i n g ;  SC = s h u t t e r  
c o n t r o l ;  PMT = p h o t o m u l t i p l i e r  t u b e
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F i g u r e  7:  M o d i f i c a t i o n  o f  t h e  SLM s a m p le  cham b er  f o r  u s e
w i t h  t h e  b i f u r c a t e d  f i b e r  o p t i c .  The sam ple  
h o l d e r  i s  rem oved  f ro m  t h e  c o m p a r tm e n t  b e f o r e  t h e  
f i b e r  o p t i c  i s  a t t a c h e d .
16
T e c h n i q u e s
F l u o r e s c e n c e  M e a s u re m e n t s  on t h e  O p t i c  S u r f a c e
F l u o r e s c e n c e  m e a s u r e m e n t s  o f  t h e  i m m o b i l i z e d  f l u o r o ­
g e n i c  r e a g e n t s  were  made by a t t a c h i n g  t h e  s o l i d  s u p p o r t  to  
t h e  end o f  t h e  f i b e r  o p t i c  and  im m e rs in g  t h e  o p t i c  i n t o  
s o l u t i o n .  A t h i n  l a y e r  o f  t h e  s u p p o r t  was s p r e a d  on  a  p i e c e  
o f  c e l l o p h a n e  t a p e  ( S c o t c h  B rand  T r a n s p a r e n t  Tape)  by  p l a c ­
i n g  t h e  t a p e  o v e r  a  v i a l  c o n t a i n i n g  t h e  s u p p o r t .  The v i a l  
was s h a k e n  u n t i l  a  u n i f o r m  l a y e r  fo rm e d .  The t a p e  was h e l d  
i n  p l a c e  on  t h e  end o f  t h e  o p t i c  by  a  p i e c e  o f  Tygon t u b i n g .  
T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  8 . A r e p r o d u c i b l e  t h i n  l a y e r  
o f  s u p p o r t  ( a b o u t  1 mg) i s  o b t a i n a b l e .  The t a p e  i s  n o t  
c o m p l e t e l y  s a t i s f a c t o r y  b e c a u s e  i t  becomes c l o u d y  when wet  
r e s u l t i n g  i n  r e d u c e d  t r a n s m i t t a n c e  and  s i g n i f i c a n t  s c a t t e r ­
i n g .
B e c a u se  o f  t h e  l i m i t a t i o n s  o f  t h e  t a p e ,  o t h e r  a d h e s i v e s  
were  e v a l u a t e d .  None o f  t h e s e  was a s  s a t i s f a c t o r y  a s  t a p e .  
Two o f  t h e  b e t t e r  a d h e s i v e s  t r i e d  were  c o l l o d i o n  (M al-  
l i n c k r o d t ,  USP) a nd  Duco a d h e s i v e  ( D u p o n t ) .  A s m a l l  amount 
o f  t h e  a d h e s i v e  was s p r e a d  on  t h e  end o f  t h e  o p t i c  and  was 
a l l o w e d  to  p a r t i a l l y  d r y  and  become s t i c k y .  The pow der  was 
t h e n  a p p l i e d  a s  a  t h i n  l a y e r .  Both  t h e s e  a d h e s i v e s  r e m a in e d  
c l e a r  w i t h  u s e ,  b u t  n e i t h e r  was fo u n d  t o  be s a t i s f a c t o r y .  
T h e re  was d i f f i c u l t y  i n  f o r m i n g  a  t h i n ,  u n i f o r m  l a y e r .  The 
c o l l o d i o n  a l s o  l o s e s  i t s  a d h e s i v e  p r o p e r t i e s  w i t h  t i m e .  The 
Duco a d h e s i v e  c a n  w i t h s t a n d  c o n t i n u e d  u s e  and  i s  e a s i l y  
rem oved  w i t h  a c e t o n e .




S U PPO R T
TUBING
: Method o f  a t t a c h m e n t  o f  i m m o b i l i z e d  r e a g e n t
t h e  common end  o f  t h e  f i b e r  o p t i c
The r e s p o n s e  o f  t h e  i m m o b i l i z e d  r e a g e n t  a s  a  f u n c t i o n  
o f  pH o r  m e t a l  i o n  c o n c e n t r a t i o n  was d e t e r m i n e d  by m o n i t o r ­
i n g  t h e  f l u o r e s c e n c e  i n t e n s i t y  u s i n g  t h e  f i b e r  o p t i c  f l u o r o -  
m e t e r  o r ,  i n  some c a s e s ,  t h e  SLM s p e c t r o f l u o r o m e t e r .  M i c r o ­
l i t e r  am oun ts  o f  s o l u t i o n s  o f  known c o n c e n t r a t i o n  o f  t h e  
s p e c i e s  o f  i n t e r e s t  w e re  add ed  t o  15 mL o f  t h e  sam ple  
t h r o u g h  t h e  i n j e c t i o n  p o r t  u s i n g  a  s y r i n g e  (50 o r  100 / i L ,
H a m i l t o n ) . The sa m p le  was a n  a c i d  f o r  t h e  pH s e n s o r  a nd  a
b u f f e r  f o r  t h e  m e t a l  i o n  s e n s o r s .  The r e s p o n s e s  o f  t h e  
i m m o b i l i z e d  r e a g e n t s  t o  c h a n g e s  i n  m e t a l  i o n  c o n c e n t r a t i o n  
w ere  a l s o  d e t e r m i n e d  by  im m e rs in g  t h e  s e n s o r  i n  b u f f e r e d  
s o l u t i o n s  o f  v a r y i n g  m e t a l  i o n  c o n c e n t r a t i o n .  The s o l u t i o n  
was m a g n e t i c a l l y  s t i r r e d  a s  m e a s u r e m e n ts  were  t a k e n .
F l u o r e s c e n c e  E x c i t a t i o n  S p e c t r a  o f  I m m o b i l i z e d  R e a g e n t s  
The SLM s p e c t r o f l u o r o m e t e r  was u s e d  t o  m ea su re  a l l  
e x c i t a t i o n  s p e c t r a  o f  t h e  i m m o b i l i z e d  r e a g e n t s  on t h e  o p t i c  
s u r f a c e .  I n  o r d e r  t o  m e a su re  t h e  s p e c t r a ,  t h e  r e a g e n t s  were 
a t t a c h e d  t o  t h e  end o f  t h e  f i b e r  o p t i c  a s  d e s c r i b e d  i n  t h e
l a s t  s e c t i o n .  I n  o r d e r  t o  c o r r e c t  f o r  t h e  v a r i a t i o n s  i n
s o u r c e  i n t e n s i t y  w i t h  w a v e l e n g t h ,  m e a s u r e m e n ts  were  t a k e n  
i n  t h e  r a t i o  mode a s  shown i n  F i g u r e  9- The f l u o r e s c e n c e  
s i g n a l  which  was d e t e c t e d  t h r o u g h  C h a n n e l  A was d i v i d e d  by 
t h e  s o u r c e  i n t e n s i t y  w h ic h  was m o n i t o r e d  t h r o u g h  C h a n n e l  B.
A n e u t r a l  d e n s i t y  f i l t e r  was p o s i t i o n e d  b e tw e e n  t h e  s o u r c e  
and  t h e  d e t e c t o r  i n  C h a n n e l  B. The o u t p u t  was r e a d  a s  t h e  
r a t i o  A/B. O u t p u t  was c o r r e c t e d  f o r  d a r k  c u r r e n t  by t h e  
i n s t r u m e n t  e l e c t r o n i c s .  The m o n o ch rom ato r  s l i t  w i d t h  was
RATIO O U TPU T = A / B
NEUTRAL
D EN SITY
FIL T E R
.SAMPLE
PMT
S O U R C E
F i g u r e  9s A r r a n g e m e n t  o f  t h e  SLM f o r  u s e  i n  t h e  r a t i o  
m ode .
20
s e t  a t  8 nm f o r  maximum t h r o u g h p u t  and  t h e  e x c i t a t i o n  and  
e m i s s i o n  p o l a r i z e r s  w e re  s e t  a t  9 0 ° .  The e x c i t a t i o n  wave­
l e n g t h  was v a r i e d  m a n u a l l y  and  r e c o r d e d  e v e r y  5 o r  10 nm.
S o l u t i o n  F l u o r e s c e n c e  S p e c t r a
To d e t e r m i n e  t h e  w a v e l e n g t h s  f o r  e x c i t a t i o n  and  e m i s ­
s i o n  o f  t h e  i m m o b i l i z e d  r e a g e n t s ,  f l u o r e s c e n c e  s p e c t r a  were  
m e a s u r e d  f o r  t h e  n o n i m m o b i l i z e d  r e a g e n t  i n  s o l u t i o n  u s i n g  
t h e  P e r k i n  E lm e r  20^ s p e c t r o f l u o r o m e t e r .
The r e s p o n s e  o f  t h e  n o n i m m o b i l i z e d  r e a g e n t  i n  s o l u t i o n  
t o  pH o r  m e t a l  i o n  c o n c e n t r a t i o n  c h a n g e s  was e v a l u a t e d  w i t h  
t h e  f i b e r  o p t i c  f l u o r o m e t e r  by im m e rs in g  t h e  end o f  t h e  f i b e r  
o p t i c  i n t o  a  s o l u t i o n  o f  t h e  r e a g e n t .  M i c r o l i t e r  a m o u n ts  o f  
s p e c i e s  o f  i n t e r e s t  w e re  t h e n  a d d e d  t h r o u g h  t h e  i n j e c t i o n  
p o r t .  S o l u t i o n  m e a s u r e m e n t s  were  a l s o  made w i t h  t h e  SLM 
s p e c t r o f l u o r o m e t e r .  M i c r o l i t e r  am oun ts  o f  t h e  s p e c i e s  o f  
i n t e r e s t  w ere  add ed  t o  a  s o l u t i o n  o f  t h e  d i s s o l v e d  r e a g e n t .
A c u v e t t e  was u s e d  a n d  t h e  s o l u t i o n  was s t i r r e d  m a g n e t i c a l l y .
S o l u t i o n  e x c i t a t i o n  s p e c t r a  w ere  m e a s u r e d  f o r  c o m p a r i ­
s o n  w i t h  t h e  s p e c t r a  o f  t h e  i m m o b i l i z e d  r e a g e n t s  u s i n g  t h e  
SLM s p e c t r o f l u o r o m e t e r  a n d  a  c u v e t t e .  S p e c t r a  were  m e a s u r e d  
i n  t h e  same m anner  a s  f o r  t h e  i m m o b i l i z e d  r e a g e n t .
P r e p a r a t i o n  o f  S o l u t i o n s
A l l  c h e m i c a l s  u s e d  t o  p r e p a r e  s o l u t i o n s  were r e a g e n t  
g r a d e  o r  b e t t e r .  S o l u t i o n s  were  p r e p a r e d  w i t h  d e i o n i z e d  
w a t e r  w h ich  was a g a i n  d e i o n i z e d  by  p a s s i n g  t h r o u g h  a  m ixed  
bed  i o n  e x ch a n g e  r e s i n  ( U l t r a p u r e ,  F i s h e r ) ,  and  t h e n  d i s t i l -
l e d  i n  a n  a l l - g l a s s  s t i l l  ( C o r n i n g ,  M e g a p u r e ) .
B u f f e r  s o l u t i o n s  were  made by t i t r a t i n g  vo lu m e s  o f  
a q u e o u s  s o l u t i o n s  o f  t h e  a c i d  o r  b a s e  w i t h  s o l i d  KOH o r  
c o n c e n t r a t e d  HC1 u n t i l  t h e  d e s i r e d  pH was o b t a i n e d  a s  
m e a s u r e d  u s i n g  a  g l a s s  pH e l e c t r o d e .  The s o l u t i o n s  were  
t h e n  d i l u t e d  t o  t h e  vo lum e d e s i r e d  a n d  t h e  pH was a g a i n  
m e a s u r e d .  The pH m e t e r  was c a l i b r a t e d  w i t h  two b u f f e r s  
c o v e r i n g  t h e  pH r a n g e  o f  i n t e r e s t .
CHAPTER I I I
pH SENSOR BASED ON 
IMMOBILIZED FLUORESCEINAMINE
I n t r o d u e t i o n
The f i r s t  s y s t e m  t h a t  was i n v e s t i g a t e d  i n  d e t a i l  was a 
pH s e n s o r  Based  on  t h e  f l u o r e s c e n c e  o f  i m m o b i l i z e d  f l u o r e s -  
c e i n a m i n e .  T h i s  s y s t e m  was c h o s e n  b e c a u s e  i t  was e a s y  t o  
work w i t h .  Amino compounds a r e  r e a d i l y  i m m o b i l i z e d  on s o l i d  
s u p p o r t s  and  f l u o r e s c e i n  i s  a  f l u o r o p h o r  w i t h  e x c e l l e n t  
s p e c t r o s c o p i c  p r o p e r t i e s .  I t  h a s  a  h i g h  a b s o r p t i v i t y  c l o s e  
t o  490 nm which  p e r m i t s  e f f i c i e n t  e x c i t a t i o n  u s i n g  a  v a r i e t y  
o f  s o u r c e s  (13)*  F l u o r e s c e i n  i s  a n  e f f i c i e n t  f l u o r o p h o r  
w i t h  a  quan tum  y i e l d  c l o s e  t o  u n i t y .  The g r e e n  e m i s s i o n  o f  
f l u o r e s c e i n ,  w h ic h  p e a k s  n e a r  520 nm i s  i n  t h e  u s e f u l  r a n g e  
o f  common p h o t o m u l t i p l i e r  t u b e s .  I n  a d d i t i o n ,  s i n c e  a c i d -  
b a s e  r e a c t i o n s  a r e  f a s t ,  no c o m p l i c a t i o n s  were  e x p e c t e d  due 
t o  s lo w  k i n e t i c s .  T h e r e f o r e ,  t h e  pH s e n s o r  p r o v i d e d  a  
s i m p l e  s y s t e m  b o t h  t o  t e s t  o u t  t h e  f i b e r  o p t i c  f l u o r o m e t e r  
a nd  t o  d e m o n s t r a t e  t h e  v i a b i l i t y  o f  s e n s o r s  b a s e d  on immob­
i l i z e d  r e a g e n t s .
The s t r u c t u r e  o f  f l u o r e s c e i n  ( I s o m e r  I )  i s  shown 
i n  F i g u r e  10. I t  c a n  be i m m o b i l i z e d  on  c o n t r o l l e d  p o r e  
g l a s s  by t h e  r e a c t i o n  shown i n  F i g u r e  11 and  c a n  a l s o  be 
i m m o b i l i z e d  on  p o w d e re d  c e l l u l o s e  v i a  c y a n u r i c  c h l o r i d e  








F i g u r e  10s S t r u c t u r e  o f  f l u o r e s c e i n a m i n e  and  a b b r e v i a t i o n  
u s e d  i n  t h e  i m m o b i l i z a t i o n  r e a c t i o n s .
2k
HOH Hi ii i i








F i g u r e  11: R e a c t i o n  f o r  i m m o b i l i z a t i o n  o f  f l u o r e s c e i n a m i n e
on  G ly c o p h a s e - G  c o n t r o l l e d  p o r e  g l a s s .
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R-C-OH r e p r e s e n t s  c o n t r o l l e d  p o r e  g l a s s .
H
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F i g u r e  12: R e a c t i o n  f o r  i m m o b i l i z a t i o n  o f  f l u o r e s c e i n a m i n e
on p ow dered  c e l l u l o s e .  R-G-OH r e p r e s e n t s  
c e l l u l o s e .  1
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ed f l u o r e s c e i n a m i n e  s h o u l d  be s i m i l a r  t o  t h a t  o f  f l u o r e s c e i n  
b e c a u s e  t h e s e  i m m o b i l i z a t i o n  p r o c e d u r e s  t i e  up t h e  amino 
g r o u p .
The f l u o r e s c e n c e  c h a r a c t e r i s t i c s  o f  f l u o r e s c e i n  a r e  
e x t r e m e l y  d e p e n d e n t  on  pH ( 1 ^ , 15»1 6 ) .  F l u o r e s c e i n  c a n  
e x i s t  i n  v a r i o u s  f o r m s  d e p e n d i n g  on pH (See  F i g u r e  13)*
T hese  h a v e  d i f f e r e n t  f l u o r e s c e n c e  e x c i t a t i o n  and  e m i s s i o n  
maxima a l o n g  w i t h  d i f f e r e n t  f l u o r e s c e n c e  e f f i c i e n c i e s .  The 
t e m p e r a t u r e  c o e f f i c i e n t  o f  f l u o r e s c e i n  f l u o r e s c e n c e  i s  low ,  
so t e m p e r a t u r e  c o n t r o l  d u r i n g  f l u o r e s c e n c e  m e a s u r e m e n t s  
s h o u l d  n o t  be n e e d e d  ( 1 3 )•
E x p e r i m e n t a l
A p p a r a t u s
The a p p a r a t u s  f o r  m e a s u r i n g  t h e  f l u o r e s c e n c e  o f  t h e  
i m m o b i l i z e d  f l u o r e s c e i n a m i n e  i s  d e s c r i b e d  i n  C h a p t e r  2 .
The i n t e r f e r e n c e  f i l t e r s  u s e d  were  1" x . The e x c i t a t i o n  
f i l t e r  h a s  p e a k  t r a n s m i t t a n c e  a t  ^-80 nm and a  b a n d w i d th  o f  
7 . 1  nm a t  h a l f  maximum t r a n s m i t t a n c e .  The e m i s s i o n  f i l t e r  
h a s  p e a k  t r a n s m i t t a n c e  a t  520 nm and  a  b a n d w i d th  o f  8 . 2  nm. 
The SLM s p e c t r o f l u o r o m e t e r  was n o t  u s e d  i n  t h i s  s t u d y  o f  
i m m o b i l i z e d  f l u o r e s c e i n a m i n e .
R e a g e n t s
F l u o r e s c e i n a m i n e  ( I s o m e r  I )  and  c y a n u r i c  c h l o r i d e  were  
p u r c h a s e d  f ro m  A l d r i c h .  G ly c o p h a s e  G C o n t r o l l e d  p o r e  g l a s s  
was p u r c h a s e d  f ro m  P i e r c e .  Powdered  c e l l u l o s e  ( m i c r o ­

















F i g u r e  13: I o n i c  a nd  M o l e c u l a r  fo rm s  o f  f l u o r e s c e i n  ( 1 6 ) .
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a s  t h e  c e l l u l o s e  s u p p o r t .
I m m o b i l i z a t i o n  P r o c e d u r e
The f l u o r e s c e i n a m i n e  was i m m o b i l i z e d  on c o n t r o l l e d  p o r e  
g l a s s  by a  m o d i f i c a t i o n  o f  a  p r e v i o u s  p r o c e d u r e  (17 )*  P o ­
t a s s i u m  p e r i o d a t e  was u s e d  i n  p l a c e  o f  sod ium  p e r i o d a t e  t o  
o x i d i z e  t h e  g l a s s  s u p p o r t .  The o x i d i z e d  g l a s s  was so a k e d  i n  
a  s o l u t i o n  s a t u r a t e d  w i t h  f l u o r e s c e i n a m i n e  i n  b o r a t e  b u f f e r  
a t  pH 8 . 5  f o r  10 d a y s  a t  room t e m p e r a t u r e  b e f o r e  w a s h in g .
The sod ium  b o r o h y d r i d e  r e d u c t i o n  s t e p  was o m i t t e d  ( 1 7 ) -  The 
d e r i v a t i z e d  g l a s s  was a i r  d r i e d  and  s t o r e d  a t  room t e m p e r a ­
t u r e  .
O t h e r  b a t c h e s  o f  f l u o r e s c e i n a m i n e  i m m o b i l i z e d  on g l a s s  
were  p r e p a r e d  an d  were  more i n t e n s e l y  c o l o r e d  s i g n i f y i n g  a  
h i g h e r  c o v e r a g e .  The more  i n t e n s e l y  c o l o r e d  p r o d u c t s  were  
l e s s  f l u o r e s c e n t ,  h o w e v e r ,  and  n o t  a d e q u a t e  f o r  u s e .  T h i s  
l o s s  o f  f l u o r e s c e n c e  w i t h  h i g h e r  c o v e r a g e  was t h o u g h t  t o  be 
a c o n c e n t r a t i o n  q u e n c h i n g  e f f e c t  (13)*  To t e s t  w h e t h e r  t h i s  
was a  c o n c e n t r a t i o n  q u e n c h i n g  e f f e c t ,  some o f  t h e  g l a s s  was 
s o a k e d  i n  1 M KOH t o  rem ove  some o f  t h e  f l u o r e s c e i n a m i n e .  
A f t e r  t h e  s o a k i n g ,  t h e  g l a s s  was w ashed  w i t h  w a t e r .  The 
g l a s s  was t h e n  f l u o r e s c e n t  when o b s e r v e d  u n d e r  UV l i g h t ,  
u s i n g  a  h a n d - h e l d  s o u r c e  ( B l a k - r a y ,  UV P r o d u c t s ) .
The f l u o r e s c e i n a m i n e  was i m m o b i l i z e d  on c e l l u l o s e  by a 
m o d i f i c a t i o n  o f  a  p r e v i o u s  p r o c e d u r e  ( 1 8 ) .  P r e l i m i n a r y  
e x p e r i m e n t s  w ere  p e r f o r m e d  by u s i n g  t h i s  p r o c e d u r e  on  s t r i p s  
o f  f i l t e r  p a p e r  (Whatman # 1 ) .  B e c a u se  o f  t h e  t h i c k n e s s ,  t h e  
f l u o r e s c e i n a m i n e  i m m o b i l i z e d  on f i l t e r  p a p e r  r e s p o n d e d  v e r y
s l o w l y  t o  c h a n g e s  i n  pH. T h e r e f o r e ,  p o w d e red  c e l l u l o s e  was 
u s e d  i n  l a t e r  e x p e r i m e n t s .  The p ow dered  c e l l u l o s e  was 
so a k e d  i n  a  s o l u t i o n  o f  1 M KOH f o r  15 m i n u t e s .  A f t e r  
w a s h in g  away t h e  e x c e s s  b a s e ,  t h e  c e l l u l o s e  was im m ersed  i n  
a  s o l u t i o n  o f  c y a n u r i c  c h l o r i d e  i n  a c e t o n e  ( 0 . 5  g / 2 0  mL) and  
20 mL o f  w a t e r  was a d d e d  i m m e d i a t e l y .  The c e l l u l o s e  was 
t h e n  w ashed  w i t h  100 mL e a c h  o f  w a t e r  and  a c e t o n e  a n d  s o a k e d  
i n  a  s o l u t i o n  o f  f l u o r e s c e i n a m i n e  i n  a c e t o n e  ( 0 . 1  g / 2 0  mL) 
f o r  1 h o u r .  The p r o d u c t  was w ash ed  f i r s t  w i t h  a c e t o n e  and  
t h e n  s e v e r a l  t i m e s  w i t h  w a t e r  u n t i l  no f l u o r e s c e i n a m i n e  
f l u o r e s c e n c e  was v i s i b l e  when t h e  w a s h i n g s  were  e x p o s e d  to  
UV l i g h t .
D e t e r m i n a t i o n  o f  Amount o f  F l u o r e s c e i n a m i n e  Bound
The amount  o f  f l u o r e s c e i n a m i n e  bound p e r  gram o f  s o l i d  
was f o u n d  by t i t r a t i n g  t h e  n e u t r a l  fo rm  o f  t h e  i m m o b i l i z e d  
f l u o r e s c e i n a m i n e  w i t h  b a s e .  The i m m o b i l i z e d  f l u o r e s c e i n ­
am ine  was s o a k e d  i n  a  s o l u t i o n  0 . 1 0  M i n  HC1 and  t h e n  w ash ­
ed  w i t h  w a t e r  and  d r i e d .  A w e ig h e d  am ount  o f  t h e  p r o d u c t  
was t i t r a t e d  w i t h  0 . 0 0 2 0 9  M KOH ( s t a n d a r d i z e d  a g a i n s t  KHP) 
u n d e r  n i t r o g e n  i n  5 . 0 0  mL o f  0 . 1  M p o t a s s i u m  n i t r a t e .  The 
t i t r a t i o n  was f o l l o w e d  p o t e n t i o m e t r i c a l l y  u s i n g  a  g l a s s  
e l e c t r o d e .  The e n d p o i n t  was t a k e n  a s  pH 9 .  The am ou n ts  
t i t r a t e d  w ere  0 .0 0 6 0  g f o r  t h e  c e l l u l o s e  and  0 .0 0 2 1  g f o r  
t h e  g l a s s .  B lan k  t i t r a t i o n s  on  e q u i v a l e n t  amount  o f  
u n d e r i v a t i z e d  s u p p o r t  were  a l s o  p e r f o r m e d .  The b l a n k  
v a l u e s  w ere  7% and o f  t h e  sam ple  v a l u e s  f o r  t h e  c e l l u ­
l o s e  a n d  g l a s s  s u b s t r a t e s ,  r e s p e c t i v e l y .  I n  t h i s  t i t r a t i o n
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t h e  n e u t r a l  fo rm  o f  f l u o r e s c e i n  i s  c o n v e r t e d  t o  t h e  d i a n i o n .  
The pK v a l u e s  f o r  f o r m i n g  t h e  mono- and  d i a n i o n  a r e  4 . 4  and  
6 . 7 ,  r e s p e c t i v e l y  ( 1 4 , 1 5 ) -
F l u o r e s c e n c e  M e a s u re m e n ts
P r e l i m i n a r y  e x p e r i m e n t s . I n  o r d e r  to  s e l e c t  t h e  p r o p e r  
w a v e l e n g t h s  f o r  e x c i t a t i o n  and  e m i s s i o n  o f  t h e  i m m o b i l i z e d  
f l u o r e s c e i n a m i n e ,  s o l u t i o n  s p e c t r a  o f  d i s s o l v e d  f l u o r e s c e i n  
were  r u n  a t  h i g h  pH (1 2 ,  0 . 1  N KOH), n e a r  n e u t r a l  pH (5 ,  
d i s t i l l e d  w a t e r ) ,  and  low  pH ( 0 . 1  N HC1) w i t h  t h e  P e r k i n  
E lm e r  204 s p e c t r o f l u o r o m e t e r .  When t h e s e  e x p e r i m e n t s  were  
p e r f o r m e d ,  t h e r e  was no m e th od  a v a i l a b l e  f o r  o b t a i n i n g  
s p e c t r a  o f  t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  on  t h e  o p t i c  
s u r f a c e .  T h e r e f o r e ,  t h e  s o l u t i o n  d a t a  was u s e d  i n  s e l e c t i n g  
w a v e l e n g t h s .
I n  e a r l y  e x p e r i m e n t s  u s i n g  t h e  f i b e r  o p t i c  f l u o r o m e t e r  
t o  d e t e r m i n e  t h e  r e s p o n s e  o f  t h e  i m m o b i l i z e d  f l u o r e s c e i n ­
amine t o  c h a n g e s  i n  pH, v a r i o u s  c o m b i n a t i o n s  o f  g l a s s  l o n g  
p a s s  an d  band  p a s s  f i l t e r s  w ere  u s e d  t o  m ax im ize  t h e  s i g n a l  
t o  b a c k g r o u n d  r a t i o .  The c o m b i n a t i o n s  a r e  l i s t e d  i n  T a b l e  1. 
The b a c k g r o u n d  was e s t i m a t e d  by a t t a c h i n g  g l a s s  o r  c e l l u l o s e  
t o  t h e  o p t i c  and  m e a s u r i n g  t h e  i n t e n s i t y .  D i f f i c u l t i e s  were  
fo u n d  w i t h  t h e  g l a s s  f i l t e r s .  When u s e d  a s  t h e  e x c i t a t i o n  
f i l t e r ,  t h e  g l a s s  was s u b j e c t  to  c r a c k i n g  due t o  t h e r m a l  
s t r e s s  p r o d u c e d  by t h e  h e a t  o f  t h e  5°0 W t u n g s t e n - h a l o g e n  
s o u r c e .  None o f  t h e  f i l t e r  c o m b i n a t i o n s  u s e d  w ere  s a t i s ­
f a c t o r y  b e c a u s e  t h e  w a v e l e n g t h  r a n g e s  f o r  e x c i t a t i o n  and  
e m i s s i o n  o v e r l a p p e d  a l l o w i n g  a  l a r g e  com ponen t  o f  s c a t t e r e d
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T a b le  1:
G l a s s  F i l t e r s  Used i n  P r e l i m i n a r y  E x p e r i m e n t s  w i t h  
I m m o b i l i z e d  F l u o r e s c e i n a m i n e  an d  t h e i r  C h a r a c t e r i s t i c s
F i l t e r s  Used ( L i s t e d  by  c o d e )
E x c i t a t i o n  __________________ E m is s io n *
B P W ,  BP^-70 BP507, BP5 1 0 , :BP515, BP518A,
BP518B, BP525, BP550, BP580A,
BP580B, LP524, LP554
^ V a r i o u s  c o m b i n a t i o n s  'were  u s e d  w i t h  e a c h o f  t h e  two
e x c i t a t i o n . f i l t e r s .
C h a r a c t e r i s t i c s  o f  F i l t e r s  Used**
Long P a s s (LP) F i l t e r s ••
Code lfcT 80foT Maximum W a v e le n g th
(nm) (nm) $T (nm)
LP518A 500 533 87 590
LP518B 500 533 87 585
LP52** ^97 597 80 597
LP550 536 57 2 89 680
LP55^ 536 660 81 680
LP580A 565 599 88 680
LP580B 565 598 87 680
LP599 58^ 618 86 710
Band P a s s (BP) F i l t e r s ••
Code FWHM*** Maximum W a v e le n g th
(nm) foT (nm)
B P -W 75 37 494
BP507 194 70 507
BP510 212 42 510
BP515 135 9 515
BP 5 25 60 40 525
* * C om p iled  by  J u l i e  P f l u g
* * * F i l t e r  w i d t h  a t  h a l f  maximum t r a n s m i t t a n c e
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r a d i a t i o n  t o  r e a c h  t h e  d e t e c t o r  and  c a u s i n g  a  low s i g n a l  t o  
b a c k g r o u n d  r a t i o .  F u r t h e r m o r e ,  t h e  f i l t e r s  a v a i l a b l e  d i d  
n o t  a l l o w  t h e  b e s t  c o m b i n a t i o n  o f  w a v e l e n g t h s  t o  m ax im ize  
t h e  c h an ge  i n  f l u o r e s c e n c e  i n t e n s i t y  w i t h  pH. D i e l e c t r i c  
i n t e r f e r e n c e  f i l t e r s  w ere  t h e n  o b t a i n e d .  The u s e  o f  d i ­
e l e c t r i c  i n t e r f e r e n c e  f i l t e r s  im p ro v e d  t h e  s i g n a l  t o  b a c k ­
g r o u n d  r a t i o  by c u t t i n g  down on t h e  s c a t t e r e d  r a d i a t i o n ,  
and  im p ro v ed  t h e  o b s e r v e d  r e s p o n s e  v s  pH s i n c e  a p p r o p r i a t e  
w a v e l e n g t h s  o f  e x c i t a t i o n  and  e m i s s i o n  c o u l d  be s e l e c t e d .  
T h e s e  f i l t e r s  c a n  w i t h s t a n d  g r e a t e r  c h a n g e s  i n  t e m p e r a t u r e .
I n  t h e s e  p r e l i m i n a r y  e x p e r i m e n t s  i n s t r u m e n t a l  p r o b l e m s  
su c h  a s  l i g h t  l e a k s  i n  t h e  s y s t e m  and  r e f l e c t i o n  o f  l i g h t  
o f f  t h e  a luminum c a s i n g  and  s t i r r e r  were  i d e n t i f i e d .  The 
l i g h t  l e a k s  w ere  c o r r e c t e d  by u s i n g  m o d e l i n g  c l a y  a n d  t h e  
r e f l e c t i o n  was e l i m i n a t e d  by p a i n t i n g  t h e  i n s i d e  o f  t h e  
c h am b er  w i t h  f l a t  b l a c k  p a i n t .
R esp o n se  t o  pH c h a n g e s . F l u o r e s c e n c e  m e a s u r e m e n t s  
w ere  made on t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  by a t t a c h i n g  
t h e  s u p p o r t  t o  t h e  end o f  t h e  f i b e r  o p t i c  a s  d e s c r i b e d  i n  
C h a p t e r  I I .  The o p t i c  was t h e n  im m ersed  i n t o  a  s o l u t i o n  o f  
15 mL o f  0 .1  M a c e t i c  a c i d .  O t h e r  a c i d s  u s e d  were c i t r i c  
and  p h o s p h o r i c .  M e a s u re m e n t s  were  t a k e n  a s  t h e  pH was 
v a r i e d  by a d d i n g  m i c r o l i t e r  a m o un ts  o f  ^ . 0  M KOH. B la n k s  
were  r u n  on s o l v e n t s  and  t h e  u n d e r i v a t i z e d  g l a s s  o r  c e l l u ­
l o s e  t o  d e t e r m i n e  how much o f  t h e  s i g n a l  was due t o  s c a t ­
t e r i n g  o r  i m p u r i t i e s .  The pH c h a n g e s  o f  t h e  b u f f e r  s y s t e m  
were  a l s o  m e a s u r e d  on a  pH m e t e r .  The pH c h a n g e s  were
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m e a s u r e d  b o t h  w i t h  and  w i t h o u t  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  
( 0 . 0 0 1 0  g ) . The p r e s e n c e  o f  f l u o r e s c e i n a m i n e  d i d  n o t  a f f e c t  
t h e  pH.
The r e v e r s i b i l i t y  o f  t h e  r e s p o n s e  o f  t h e  g l a s s - b o u n d  
f l u o r e s c e i n a m i n e  was t e s t e d  by t a k i n g  m e a s u r e m e n t s  o f  t h e  
f l u o r e s c e n c e  i n t e n s i t y  o f  t h e  g l a s s - b o u n d  f l u o r e s c e i n a m i n e  
on  t h e  o p t i c  s u r f a c e  a s  i t  was im m ersed  i n  0 . 1  M a c e t i c  a c i d  
a n d  t h e  pH was v a r i e d  by  a d d i n g  m i c r o l i t e r  am oun ts  o f  f i r s t  
4 . 0  M K0H a n d  t h e n  4 . 0  M HC1. The r e v e r s i b i l i t y  o f  t h e  
c e l l u l o s e - b o u n d  f l u o r e s c e i n a m i n e  'was n o t  d e t e r m i n e d  s i n c e  
t h e  f l u o r e s c e i n a m i n e  i s  c l e a v e d  f ro m  t h e  c e l l u l o s e  a t  h i g h  
pH.
F o r  c o m p a r i s o n ,  f l u o r e s c e n c e  m e a s u r e m e n ts  were  a l s o
made on  f l u o r e s c e i n  i n  s o l u t i o n  w i t h  t h e  f i b e r  o p t i c  f l u o r o -
m e t e r .  The o p t i c  was im m ersed  i n  a  s o l u t i o n  p r e p a r e d  by
c o m b in in g  1 4 .0 0  mL o f  0 . 1  M a c e t i c  a c i d  and  1 .0 0  mL o f
- 4f l u o r e s c e i n  s o l u t i o n  i n  e h t a n o l  ( 2 . 9  x 10 M),  t o  make t h e
s o l u t i o n  1 . 9  x  lO- -^  M i n  f l u o r e s c e i n .  The pH was v a r i e d  and  
m e a s u r e d  a s  a b o v e .
R e s u l t s  and  D i s c u s s i o n
R e s p o n s e  v s .  pH
The f l u o r e s c e n c e . ,  f ro m  t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  
s e n s o r  i n c r e a s e s  w i t h  pH a s  shown i n  F i g u r e  14.  The g l a s s -  
bound  and c e l l u l o s e - b o u n d  f l u o r e s c e i n a m i n e  b e h a v e  s i m i l a r l y  
up t o  pH 8 .  Above pH 8 t h e  g l a s s - b o u n d  f l u o r e s c e i n a m i n e  
r e s p o n s e  d e c r e a s e s .  I n  s o l u t i o n ,  f l u o r e s c e i n  b e h a v e s
3^
<9 00
F i g u r e  l ^ s  R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f  
pH f o r  im m o b i l i z e d '  f l u o r e s c e i n a m i n e  on  g l a s s  (0 )  
a nd  c e l l u l o s e  (A).  The v a l u e s  f o r  f l u o r e s c e i n ­
am ine  on  g l a s s  h a v e  b e e n  m u l t i p l i e d  by a  f a c t o r  
o f  t e n  so t h e y  f i t  on  t h e  same s c a l e  a s  t h e  
v a l u e s  f o r  f l u o r e s c e i n a m i n e  on c e l l u l o s e .
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s i m i l a r i t y  t o  t h e  g l a s s - b o u n d  f l u o r e s c e i n a m i n e  a s  shown i n  
F i g u r e  15- The f l u o r e s c e n c e  i n c r e a s e s  s i g n i f i c a n t l y  f ro m  
pH 3 bo 6 and  t h e n  i n c r e a s e s  o n l y  s l i g h t l y  abov e  pH 8 .  The 
f a c t  t h a t  t h e  pH r e s p o n s e  f o r  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  
an d  s o l u b l e  f l u o r e s c e i n  a g r e e  i s  e v i d e n c e  t h a t ,  a s  e x p e c t e d ,  
t h e  amino g r o u p  i s  t i e d  up i n  t h e  i m m o b i l i z a t i o n  p r o c e d u r e .  
The v a r i a t i o n  o f  t h e  f l u o r e s c e n c e  o f  d i s s o l v e d  f l u o r e s c e i n ­
am ine  w i t h  pH was f o u n d  t o  d i f f e r  s i g n i f i c a n t l y  f ro m  t h e  
b e h a v i o r  o f  t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  and s o l u b l e  
f l u o r e s c e i n .  T h i s  i s  shown i n  F i g u r e  16.
The o b s e r v e d  v a r i a t i o n  i n  f l u o r e s c e n c e  w i t h  pH i s  c o n ­
s i s t e n t  w i t h  p r e v i o u s  s t u d i e s  o f  t h e  pH d e p e n d e n c e  o f  f l u ­
o r e s c e i n  ( 1 9 ) .  T h i s  pH d e p e n d e n c e  i s  c o m plex  b e c a u s e  i t  i s  
i n f l u e n c e d  n o t  o n l y  by p r o t o n a t i o n  and  d e p r o t o n a t i o n ,  b u t  
a l s o  by t h e  f a c t  t h a t  n e u t r a l  f l u o r e s c e i n  o c c u r s  a s  t h r e e  
d i f f e r e n t  t a u t o m e r s .
The r e s p o n s e  o f  t h e  pH s e n s o r  w i l l  d e p en d  on w ave­
l e n g t h .  At t h e  e x c i t a t i o n  w a v e l e n g t h  o f  480 nm, t h e  mono­
b a s i c  fo rm  o f  f l u o r e s c e i n  i s  e x c i t e d  more e f f i c i e n t l y  t h a n  
t h e  n e u t r a l  fo r m .  T h u s ,  t h e  o b s e r v e d  r e s p o n s e  r e f l e c t s  
s p e c t r a l  s h i f t s  a s  w e l l  a s  c h a n g e s  i n  t h e  f l u o r e s c e n c e  
e f f i c i e n c y  w i t h  pH.
The r e v e r s i b i l i t y  o f  t h e  r e s p o n s e  o f  t h e  g l a s s - b o u n d  
f l u o r e s c e i n a m i n e  i s  shown i n  F i g u r e  17- The b e h a v i o r  i s  
a p p r o x i m a t e l y  r e v e r s i b l e ,  b u t  d o e s  n o t  y i e l d  e x a c t l y  t h e  
same r e s u l t s  i n  t h e  r e v e r s e  d i r e c t i o n .  T h i s  c o u l d  be due 
























F i g u r e  15: R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f
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F i g u r e  16 s R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f  
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F i g u r e  17: R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f
pH f o r  f l u o r e s c e i n a m i n e  i m m o b i l i z e d  on  g l a s s  a s  
t h e  pH i s  r a i s e d  (0)  and  t h e n  l o w e r e d  ( t ) .
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o f  t h e  s o l u t i o n .  The r e v e r s i b i l i t y  o f  t h e  c e l l u l o s e - b o u n d  
f l u o r e s c e i n a m i n e  was n o t  d e t e r m i n e d  b e c a u s e  a t  h i g h  pH t h e  
f l u o r e s c e i n a m i n e  i s  c l e a v e d  f ro m  t h e  s u p p o r t  by  h y d r o l y s i s  
r e s u l t i n g  i n  a  r e d u c t i o n  i n  f l u o r e s c e n c e  i n t e n s i t y .  The 
h y d r o l y s i s  i s  a c c o m p a n ie d  by a  m om entary  i n c r e a s e  i n  i n ­
t e n s i t y  f o l l o w e d  by  a  d e c r e a s e  a s  shown i n  F i g u r e  18.
O p e r a t i n g  C h a r a c t e r i s t i c s
The pH m e a s u r e m e n ts  w ere  t y p i c a l l y  made w i t h  1 . 0  mg o f  
d e r i v a t i z e d  s u p p o r t  m a t e r i a l  on t h e  f i b e r  o p t i c  s u r f a c e .
_7
T h i s  amount  o f  s u p p o r t  h o l d s  a b o u t  2 x  10 mol o f  immo­
b i l i z e d  f l u o r e s c e i n a m i n e  a s  d e t e r m i n e d  by t i t r a t i o n .  T i t r a ­
t i o n  c u r v e s  a r e  shown i n  F i g u r e s  19 and  2 0 .
When pH i s  c h a n g e d  by  i n j e c t i o n  o f  b a s e ,  i t  t a k e s  a b o u t  
15-30  s f o r  t h e  f l u o r e s c e n c e  i n t e n s i t y  t o  r e a c h  a  new s t e a d y  
s t a t e .  T y p i c a l  d a t a  a r e  shown i n  F i g u r e  21.  S i n c e  t h e  
a c i d - b a s e  r e a c t i o n  i t s e l f  i s  f a s t ,  t h e  r e s p o n s e  t im e  r e ­
f l e c t s  t h e  r a t e  o f  mass  t r a n s f e r  o f  s o l u t i o n  i n t o  t h e  l a y e r  
o f  i m m o b i l i z e d  f l u o r o p h o r .  T h i s  i s  n o t  u n r e a s o n a b l e  s i n c e  
t h e  l a y e r  i s  on  t h e  o r d e r  o f  0 . 1  mm t h i c k .
The s i g n a l  t o  n o i s e  r a t i o  i s  much p o o r e r  f o r  t h e  
i m m o b i l i z e d  f l u o r e s c e i n a m i n e  t h a n  f o r  d i s s o l v e d  f l u o r e s c e i n .  
The n o i s e  c a n  be s e e n  i n  t h e  d a t a  o f  F i g u r e  21. Two e f f e c t s  
c o n t r i b u t e  t o  t h i s .  One p r o b le m  i s  t h e  p r e s e n c e  o f  a  
s i g n i f i c a n t  b a c k g r o u n d  s i g n a l  due t o  s c a t t e r i n g  f o r  t h e  
i m m o b i l i z e d  f l u o r e s c e i n a m i n e .  F o r  c e l l u l o s e - b o u n d  f l u o r e s ­
c e i n a m i n e ,  t h e  b a c k g r o u n d  i s  ^0% o f  t h e  s i g n a l  a t  pH 3 . The 
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F i g u r e  18: T y p i c a l  f l u o r e s c e n c e  s i g n a l  f o r  f l u o r e s c e i n a m i n e
i m m o b i l i z e d  on c e l l u l o s e  a s  h y d r o l y s i s  f r o m  t h e  
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F i g u r e  19' A p l o t  o f  pH a s  a  f u n c t i o n  o f  volume b a s e  ad d ed  
f o r  d e t e r m i n a t i o n  o f  t h e  amount  o f  f l u o r e s c e i n ­
amine  i m m o b i l i z e d  on g l a s s .  R e s u l t s  a r e  shown 
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F i g u r e  20: P l o t  o f  pH a s  a  f u n c t i o n  o f  vo lum e b a s e  a d d ed
f o r  d e t e r m i n a t i o n  o f  t h e  amount  o f  f l u o r e s c e i n ­
amine  i m m o b i l i z e d  on  c e l l u l o s e . '  R e s u l t s  a r e  




































F i g u r e  21: T y p i c a l  r aw  d a t a  sho w in g  c h a n g e s  i n  f l u o r e s c e n c e
i n t e n s i t y  i n  r e s p o n s e  to  a d d ed  b a s e .  ( D a t a  a r e  
f o r  f l u o r e s c e i n a m i n e  on c e l l u l o s e . )
t h e  b a c k g r o u n d  i s  c o n s t a n t  w i t h  pH. F o r  t h e  g l a s s - b o u n d  
f l u o r e s c e i n a m i n e  t h e  s i t u a t i o n  i s  p o o r e r .  The b a c k g r o u n d  
i s  t w i c e  t h e  s i g n a l  a t  pH 3- The b a c k g r o u n d  due t o  s c a t t e r  
w ou ld  be much l o w e r  i f  t h e  e x c i t a t i o n  and  e m i s s i o n  wave­
l e n g t h s  w e re  f u r t h e r  a p a r t .  F o r  e x am p le ,  a t  a n  e x c i t a t i o n  
w a v e l e n g t h  o f  4-20 nm a n d  a n  e m i s s i o n  w a v e l e n g t h  o f  488 nm, 
b o t h  s e l e c t e d  by i n t e r f e r e n c e  f i l t e r s ,  t h e  back g ou n d  i s  
b a r e l y  d e t e c t a b l e  a b o v e  d e t e c t o r  n o i s e .  U n f o r t u n a t e l y ,  i n  
t h e  c a s e  o f  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  t h e  e x c i t a t i o n  and  
e m i s s i o n  w a v e l e n g t h s  n e e d  t o  be c l o s e r  t o g e t h e r  t o  m ax im ize  
t h e  c h an g e  i n  f l u o r e s c e n c e '  w i t h  pH.
The o t h e r  p r o b l e m  i s  low f l u o r e s c e n c e  i n t e n s i t y  f ro m  
t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e . The i n t e n s i t y  p e r  mole  
o f  c e l l u l o s e - b o u n d  f l u o r e s c e i n a m i n e  i s  a b o u t  two o r d e r s  
o f  m a g n i t u d e  l o w e r  t h a n  i n t e n s i t y  p e r  mole  o f  d i s s o l v e d  
f l u o r e s c e i n  i n  t h e  s o l u t i o n  b e lo w  t h e  f i b e r  o p t i c .  A l t h o u g h  
t h e  c o m p a r i s o n  i s  c r u d e ,  t h e r e  i s  no d o u b t  t h a t  we a r e  g e t ­
t i n g  much l e s s  l i g h t  f r o m  t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e .  
P a r t  o f  t h e  d e c r e a s e  i n  i n t e n s i t y  i s  due t o  a t t e n u a t i o n  o f  
t h e  s o u r c e  by  a d s o r p t i o n  and  s c a t t e r i n g .  However ,  t h i s  
e f f e c t  by i t s e l f  c a n  n o t  a c c o u n t  f o r  s u c h  a  l a r g e  d e c r e a s e  
i n  i n t e n s i t y  s i n c e  t h e  t h i n  l a y e r  o f  i m m o b i l i z e d  c e l l u l o s e  
h a s  c o n s i d e r a b l e  t r a n s m i t t a n c e  i n  w a t e r .  The f l u o r e s c e n c e  
e f f i c i e n c y  m u s t  be l o w e r  f o r  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  
t h a n  f o r  d i s s o l v e d  f l u o r e s c e i n .  The f a c t  t h a t  h y d r o l y s i s  
o f  t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  c a u s e s  a  m om en ta ry  
i n c r e a s e  i n  i n t e n s i t y  i s  f u r t h e r  e v i d e n c e  f o r  t h i s .  (See
F i g u r e  1 8 . )  The d e c r e a s e d  f l u o r e s c e n c e  e f f i c i e n c y  may 
r e f l e c t  t h e  d i f f e r e n t  e n v i r o n m e n t  o f  i m m o b i l i z e d  f l u o r e s ­
c e i n a m i n e  r e l a t i v e  t o  d i s s o l v e d  f l u o r e s c e i n ,  o r  i t  may be 
a  c o n s e q u e n c e  o f  t h e  c h a n g e s  i n  s t r u c t u r e  a c c o m p a n y in g  t h e  
i m m o b i l i z a t i o n  p r o c e s s .  The r e d u c t i o n  i n  i n t e n s i t y  i s  
g r e a t e r  f o r  f l u o r e s c e i n a m i n e  on g l a s s .  I n t e n s i t y  p e r  mole  
o f  g l a s s - b o u n d  f l u o r e s c e i n a m i n e  i s  a b o u t  15%> o f  t h e  i n t e n ­
s i t y  f o r  t h e  c e l l u l o s e - b o u n d  f l u o r e s c e i n a m i n e .
" C o n c e n t r a t i o n  q u e n c h i n g "  i s  common among f l u o r o p h o r s  
s u c h  a s  f l u o r e s c e i n  when s e v e r a l  m o l e c u l e s  a r e  i n  c l o s e  
p r o x i m i t y  ( 1 3 ) -  T h i s  may be  a n o t h e r  r e a s o n  f o r  t h e  l o w e r  
i n t e n s i t y  o f  t h e  i m m o b i l i z e d  f l u o r e s c e i n a m i n e  r e l a t i v e  t o  
f l u o r e s c e i n  i n  s o l u t i o n .  The m echan ism  r e s p o n s i b l e  f o r  
t h i s  i s  a p p a r e n t l y  n o t  a d e q u a t e l y  u n d e r s t o o d ,  b u t  i t  i s  
t h o u g h t  t o  i n v o l v e  r e s o n a n c e  e n e r g y  t r a n s f e r  among t h e  
f l u o r o p h o r s  b e c a u s e  o f  t h e  o v e r l a p  b e tw e e n  t h e  f l u o r e s c e n c e  
e x c i t a t i o n  and  e m i s s i o n  s p e c t r a .  E v i d e n c e  s u p p o r t i n g  t h e  
i d e a  o f  c o n c e n t r a t i o n  q u e n c h i n g  o f  i m m o b i l i z e d  f l u o r e s c e i n ­
amine  i s  t h a t  when t h e r e  i s  a  s u b s t a n t i a l  amount  o f  f l u o r e s ­
c e i n a m i n e  bound ,  t h e  r e s u l t i n g  p r o d u c t  i s  n o n f l u o r e s c e n t  
when o b s e r v e d  u n d e r  UV l i g h t .  When t h i s  n o n f l u o r e s c e n t  
p r o d u c t  i s  so a k e d  i n  s t r o n g  b a s e  t o  rem ove  some o f  t h e  
f l u o r e s c e i n a m i n e ,  t h e  p r o d u c t  becomes f l u o r e s c e n t .
CHAPTER IV
SENSORS FOR A l ( I I I )  AND B e ( I I )
BASED ON IMMOBILIZED MORIN
I n t r o d u c t i o n
The c h a r a c t e r i s t i c s  o f  s e n s o r s  f o r  A l ( I I I )  and  B e ( I I )  
b a s e d  on t h e  f l u o r e s c e n c e  o f  i m m o b i l i z e d  m o r i n - m e t a l  
c o m p le x e s  a r e  d e s c r i b e d  i n  t h i s  c h a p t e r .
M o r in  ( 3 » 5 » 7 « 2 ' , h ' - p e n t a h y d r o x y f l a v o n e ) b e l o n g s  t o  t h e  
l a r g e  c l a s s  o f  f l a v o n o i d  compounds w h ic h  a r e  a r o m a t i c  
p h e n o l s  o f  t h e  g e n e r a l  s t r u c t u r e  C^-C^-C^ ( 2 0 ) .  F l a v o n e s  
a r e  compounds o f  p l a n t  o r i g i n ,  w h ic h  have  b e e n  s t u d i e d  i n  
r e l a t i o n  t o  s u b j e c t s  s u c h  a s  t h e  f e r m e n t a t i o n  o f  t e a ,  
t a n n i n g  o f  l e a t h e r ,  m a n u f a c t u r e  o f  c o c o a ,  and  t h e  f l a v o r  o f  
f o o d s  ( 2 1 ) .
F l a v o n o i d s  fo rm s  c o m p le x e s  w i t h  m e t a l  i o n s  i n c l u d i n g  
A I ( I I I ) ,  Be( I I ) ,  F e ( I I l ) , M o(V l) ,  U (V I) ,  T h ( I V ) ,  and  Z r ( I V ) .  
Many o f  t h e s e  c o m p le x e s  a r e  h i g h l y  f l u o r e s c e n t  and  a r e  
y e l l o w  o r  o r a n g e  ( 2 1 ) .
C o m p le x a t i o n  t i e s  up n o n b o n d in g  e l e c t r o n s  w h ich  c a u s e s  
them t o  be l o w e r  i n  e n e r g y .  T h e r e f o r e ,  i t  i s  f a i r l y  common 
t o  h a v e  m o l e c u l e s  t h a t  h a v e  n--n- * l o w e s t  e n e r g y  s i n g l e t s  
when u n c o m p le x e d ,  and  ir - i r  * l o w e s t  e x c i t e d  s i n g l e t s  when 
co m p lex e d  w i t h  a  m e t a l  i o n .  C o m p le x a t i o n  c a n  c a u s e  a  
n o n f l u o r e s c e n t  l i g a n d  t o  become f l u o r e s c e n t  by c h a n g i n g  t h e  
n a t u r e  o f  t h e  l o w e s t  e x c i t e d  s i n g l e t  ( 2 2 ) .
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F l a v o n e s  ( F i g u r e  22, s t r u c t u r e  I )  c a n  fo rm  a n a l y t i c a l l y -  
u s e f u l  c h e l a t e s  t h r o u g h  ( 2 3 ) :
1 . t h e  h y d r o x y l  g r o u p  a nd  t h e  c a r b o n y l  (shown i n  t h e
f l a v y l i u m  s t r u c t u r e  I I ) ,
2. t h e  5 - h y d r o x y l  g ro u p  and  c a r b o n y l  (shown i n  I I I ) ,
3 . two h y d r o x y l  g r o u p s  p r e s e n t  o r t h o  t o  e a c h  o t h e r
i n  r i n g  B o f  t h e  f l a v o n e  m o l e c u l e  a s  shown i n  
s t r u c t u r e  IV, and
k . t h e  f o r m a t i o n  o f  m u l t i - l i g a n d  c o m p le x e s
i n c o r p o r a t i n g  m e t a l ,  f l a v o n e ,  and  some o t h e r  
l i g a n d s  ( a n t i p y r i n e ,  p e r c h l o r a t e ,  s u l f a t e ,  e t c .
F l a v o n o i d s  h a v e  b e e n  u s e d  a s  r e a g e n t s  f o r  f l u o r o m e t r i c  
a n a l y s i s  o f  m e t a l s  w h ic h  fo rm  f l u o r e s c e n t  c o m p le x e s  a s  w e l l  
a s  f o r  s p e c t r o p h o t o m e t r i c  a n a l y s i s  o f  m e t a l s  w h ic h  do n o t  
fo rm  f l u o r e s c e n t  c o m p le x e s  ( 2 0 - 2 2 ) .  The f l u o r e s c e n c e  and 
c o l o r  o f  t h e  m e t a l  c o m p le x e s  fo rm ed  d e p e n d  on t h e  number 
an d  p o s i t i o n  o f  t h e  h y d r o x y  g r o u p s  i n  t h e  f l a v o n e  m o l e c u l e .  
The h y d r o x y  g r o u p s  a t  t h e  3»5» and  2 ’ p o s i t i o n s  show t h e  
g r e a t e s t  e f f e c t  on t h e  f l u o r e s c e n c e  o f  t h e  c o m p lex .  T h e r e ­
f o r e ,  m o r in  and  d a t i s c e t i n  ( 3 , 5 , 7 . 2 ' - t e t r a h y d r o x y f l a v o n e ) 
a r e  t h e  m os t  r e a c t i v e  a nd  s e n s i t i v e  among t h e  f l a v o n e s  
s t u d i e d  ( 2 3 ) .
M o r in ,  whose s t r u c t u r e  i s  shown i n  F i g u r e  23. o c c u r s  
i n  t h e  wood o f  A r to c a r -p u s  i n t e g r i f o l i a  (2 ^ )  and  T o x y lo n  
po m ife ru m  ( 2^)  and  c a n  be s y n t h e s i z e d  ( 2 5 . 2 6 ) ,
M o r in  i s  p r o b a b l y  t h e  m o s t  s t u d i e d  o f  t h e  f l a v o n e s  
and i s  w i d e l y  u s e d  f o r  f l u o r o m e t r i c  a n a l y s i s  o f  A l ( I I I )  
( 2 0 , 2 1 , 2 3 , 2 7 ) .  An a l c o h o l i c  s o l u t i o n  o f  m o r in  r e a c t s  w i t h  
A l ( I I I )  i n  n e u t r a l  o r  s l i g h t l y  a c i d  s o l u t i o n  t o  g i v e  a n  
i n t e n s e l y  g r e e n  f l u o r e s c e n t  com plex  ( 2 1 ) .  W ith  t h e  1 :1  
m o r in  c o m p lex ,  t h e  s e n s i t i v i t y  f o r  t h e  f l u o r o m e t r i c
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( I ) (II)
(ED (EZ)
F i g u r e  22:  A n a l y t i c a l l y  u s e f u l  c h e l a t e s  o f  f l a v o n e
m o l e c u l e s  ( 2 3 ) .
OH
» Y y v C «
Y y - O H
OH 0
F i g u r e  23s S t r u c t u r e  o f  m o r i n  ( 2 3 ) .
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d e t e r m i n a t i o n  o f  A I ( I I I )  i s  0 .0 0 1  ug/mL ( 2 3 ) .
M o r in  i s  a l s o  one o f  t h e  m ost  s e n s i t i v e  f l u o r o m e t r i c  
r e a g e n t s  f o r  a n a l y s i s  o f  B e ( I I )  ( 2 0 , 2 1 , 23»2 8 , 2 9 ) •  I n  
a l k a l i n e  s o l u t i o n  B e ( I I )  p r o d u c e s  a  y e l l o w - g r e e n  w a t e r  
s o l u b l e  com plex  w i t h  m o r in  w h ich  i s  s t a b l e  t o w a r d  a l k a l i  
( 2 1 ) .  The a b s o r p t i o n  maximum i s  ^20 nm and t h e  f l u o r e s c e n c e  
e m i s s i o n  maximum i s  513 nm ( 2 3 ) .  The m os t  s e n s i t i v e  
c h e m i c a l  t e s t  f o r  B e ( I I )  i s  t h a t  b a s e d  on  t h e  f l u o r e s c e n c e  
o f  t h e  c o m p lex  d e v e l o p e d  when m o r in  r e a c t s  w i t h  B e ( I I )  i n  
NaOH a t  a  pH g r e a t e r  t h a n  1 1 .0  ( 2 9 ) .  The d e t e c t i o n  l i m i t  
i s  0.00^4- u g .  T h i s  t e s t  i s  s u b j e c t  t o  many i n t e r f e r e n c e s  
and  B e ( I I )  m us t  be s e p a r a t e d  f i r s t  ( 2 9 ) .  P a p e r  i m p r e g n a t e d  
w i t h  m o r i n  and  a m o r i n  c r a y o n  have  b e e n  u s e d  f o r  d e t e r m i n ­
i n g  B e ( I I )  ( 2 1 ) .
M o r in  c a n  be i m m o b i l i z e d  on c e l l u l o s e  u s i n g  c y a n u r i c  
c h l o r i d e  v i a  t h e  p h e n o l i c  g r o u p  i n s t e a d  o f  a n  am ine  g ro u p  
i n  t h e  same way a s  f l u o r e s c e i n a m i n e . (S ee  F i g u r e  1 2 . )  The 
p r o d u c t  s h o u l d  be a  m i x t u r e  w i t h  t h e  m o r in  bound a t  d i f f e r ­
e n t  s i t e s .  As l o n g  a s  t h e  g r o u p s  r e s p o n s i b l e  f o r  c o m p le x a ­
t i o n  a r e  n o t  c o m p l e t e l y  t i e d  up ,  t h e  i m m o b i l i z e d  m o r in  
s h o u l d  fo rm  f l u o r e s c e n t  c o m p le x e s  w i t h  A l ( I I I )  and  B e ( I I ) .  
The m a t e r i a l  c a n  t h e n  s e r v e  a s  t h e  b a s i s  f o r  a  s e n s o r  f o r  
A I ( I I I )  a n d  B e ( I I ) .
I n  t h e  p r e s e n t  work ,  i m m o b i l i z e d  m o r in  was f i r s t  
s t u d i e d  a s  a  s e n s o r  f o r  A l ( I I I ) .  B e ( I I )  was shown t o  be 
a n  i n t e r f e r e n c e  a n d ,  c o n s e q u e n t l y ,  i m m o b i l i z e d  m o r in  was 
a l s o  s t u d i e d  a s  a  s e n s o r  f o r  B e ( I I ) .  The c h a r a c t e r i s t i c s
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o f  t h e  two s e n s o r s  were  f o u n d  to  be s i m i l a r .  An u n u s u a l  
f e a t u r e  o f  t h e  s e n s o r  f o r  B e ( I I )  i s  t h e  l a r g e  s p e c t r a l  
s h i f t  i n  t h e  e x c i t a t i o n  s p e c t r u m  o f  t h e  i m m o b i l i z e d  
c o m plex  r e l a t i v e  t o  t h e  co m p lex  i n  s o l u t i o n .
T h e o ry
I n  t h i s  s e c t i o n  t h e  t h e o r y  i s  d e v e l o p e d  t o  d e s c r i b e  
t h e  r e l a t i v e  r e s p o n s e  o f  t h e  i m m o b i l i z e d  m o r i n  s e n s o r  a s  a 
f u n c t i o n  o f  m e t a l  i o n  c o n c e n t r a t i o n .  I t  i s  a s sum ed  t h a t  
t h e  t o t a l  num ber  o f  i m m o b i l i z e d  m o r in  m o l e c u l e s ,  C, i s  much 
l e s s  t h a n  t h e  num ber  o f  m e t a l  i o n s  i n  s o l u t i o n  and  t h a t  t h e  
e q u i l i b r i u m  c o n s t a n t  f o r  c o m plex  f o r m a t i o n  i s  r e l a t i v e l y  
s m a l l .  Under  t h e s e  c o n d i t i o n s  t h e  i n s e r t i o n  o f  t h e  s e n s o r  
w i l l  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  m e t a l  i o n  c o n c n e t r a t i o n  
i n  s o l u t i o n .
The e q u i l i b r i u m  c o n s t a n t  f o r  m e t a l  b i n d i n g  to  immob­
i l i z e d  l i g a n d  c a n  be r e p r e s e n t e d  ( a s s u m i n g  a  1:1  c o m p le x ) :
K = ML/L(am) 4 -1
where  L i s  t h e  number  o f  i m m o b i l i z e d  l i g a n d s  n o t  a s s o c i a t e d  
w i t h  m e t a l ,  ML i s  t h e  num ber  o f  i m m o b i l i z e d  m o r in  l i g a n d s  
a s s o c i a t e d  w i t h  l i g a n d ,  a m i s  t h e  m e t a l  i o n  a c t i v i t y  i n  
s o l u t i o n ,  and  K i s  t h e  e q u i l i b r i u m  c o n s t a n t .
B e ca u se  t h e  t o t a l  number  o f  i m m o b i l i z e d  l i g a n d  
m o l e c u l e s ,  C, i s  f i x e d :
C = L + ML. 4 - 2
S i n c e  m o r i n  i s  e s s e n t i a l l y  n o n f l u o r e s c e n t  by i t s e l f
and  t h e  m o r i n - m e t a l  c o m p le x  i s  f l u o r e s c e n t ,  t h e  f l u o r e s ­
c e n c e  s i g n a l  w i l l  d e p en d  on t h e  am ount  o f  m e t a l  bound t o  
t h e  l i g a n d :
I  = kKL 4 - 3
where  I  i s  t h e  f l u o r e s c e n c e  i n t e n s i t y  and k i s  a  p r o p o r ­
t i o n a l i t y  c o n s t a n t  r e l a t i n g  f l u o r e s c e n c e  i n t e n s i t y  t o  t h e  
amount  o f  m e t a l  bound t o  l i g a n d .  I t  i s  a s sum ed  t h a t  t h e  
c o n d i t i o n s  a r e  su c h  t h a t  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  
number  o f  s i t e s  ( i_. _e. , no i n n e r  f i l t e r  e f f e c t s ) .
By s u b s t i t u t i n g  e q u a t i o n  4 - 2  i n t o  e q u a t i o n  4 -1  and  
r e a r r a n g i n g ,  i t  i s  p o s s i b l e  t o  e x p r e s s  ML i n  t e r m s  o f  C,
& ,  a nd  K: m
ML = a  KC/(1  + a  K ) .  4 - 4m '  m
By s u b s t i t u t i n g  e q u a t i o n  4 - 4  i n t o  e q u a t i o n  4 - 3 ,  an  
e x p r e s s i o n  f o r  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f  
m e t a l  i o n  a c t i v i t y  i s  o b t a i n e d .
I  = k K C a y d  * a mK ) .  4 - 5
To d e t e r m i n e  K f o r  t h e  s e n s o r  a l i n e a r  fo rm  o f
e q u a t i o n  4 - 5  c a n  be u s e d :
a n/ 1 = a n / kC * 1 /kK C . 4 - 6
A p l o t  o f  a ^ I  v e r s u s  a m w i l l  be l i n e a r  w i t h  a  s l o p e  o f  
l / k C  an d  a n  i n t e r c e p t  o f  l / k K C .
The e x p e r i m e n t a l  e q u i l i b r i u m  c o n s t a n t ,  K, i s  a
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c o n d i t i o n a l  c o n s t a n t  t h a t  d e p e n d s  on pH b e c a u s e  m e t a l  
d i s p l a c e s  h y d r o g e n  i o n s  when b i n d i n g  t o  m o r in  a s  shown i n  
F i g u r e  2^ .
E x p e r i m e n t a l
A p p a r a t u s
The a p p a r a t u s  f o r  m e a s u r i n g  t h e  f l u o r e s c e n c e  o f  t h e  
i m m o b i l i z e d  m o r in  i s  d e s c r i b e d  i n  C h a p t e r  I I .  The i n t e r ­
f e r e n c e  f i l t e r  u s e d  f o r  e x c i t a t i o n  was a  2" x 2" i n t e r ­
f e r e n c e  f i l t e r  w i t h  maximum t r a n s m i t t a n c e  a t  ^20 nm and  a  
b a n d w i d th  o f  7 .1  nm a t  h a l f  maximum t r a n s m i t t a n c e .  F o r  t h e  
A l ( I I I )  s e n s o r ,  t h e  e m i s s i o n  f i l t e r  h ad  maximum t r a n s m i t ­
t a n c e  a t  4-88 nm a nd  a  b a n d w i d th  o f  7 nm a t  h a l f  maximum 
t r a n s m i t t a n c e ;  f o r  t h e  B e ( I I )  s e n s o r  t h e  f i l t e r  h ad  m a x i ­
mum t r a n s m i t t a n c e  a t  520 nm a n d  a  b a n d w i d th  o f  8 . 2  nm a t  
h a l f  maximum t r a n s m i t t a n c e .  B o th  f i l t e r s  were  1" x •§" .
R e a g e n t s
M o r in  was p u r c h a s e d  f ro m  A l d r i c h .
I m m o b i l i z a t i o n  P r o c e d u r e
M o r in  was i m m o b i l i z e d  on  p ow dered  c e l l u l o s e  u s i n g  
c y a n u r i c  c h l o r i d e  a c c o r d i n g  t o  t h e  p r o c e d u r e  i n  C h a p t e r  
I I I .  The c o n c e n t r a t i o n  o f  t h e  c y a n u r i c  c h l o r i d e  s o l u t i o n  
was 0 . 1 ^  M i n  a c e t o n e  and  t h e  c o n c e n t r a t i o n  o f  t h e  m o r in  
s o a k i n g  s o l u t i o n  was 0 . 0 0 76 M i n  a c e t o n e .  The p r o d u c t  
was w ashed  w i t h  a c e t o n e ,  d r i e d  by  s u c t i o n ,  and  s t o r e d  a t  
room t e m p e r a t u r e .  B e ca u se  t h e r e  was b a t c h  t o  b a t c h
F i g u r e  2^:  F o r m a t i o n  o f  t h e  m o r i n - A l ( I I I )  c o m p lex .
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v a r i a b i l i t y ,  a  s i n g l e  b a t c h  o f  i m m o b i l i z e d  m o r in  was u s e d  
f o r  a l l  c h a r a c t e r i z a t i o n  s t u d i e s  on b o t h  t h e  A l ( I I I )  and 
B e ( I I )  s e n s o r s .
M o r in  was a l s o  i m m o b i l i z e d  a s  i t s  A l ( I I I )  co m p lex ,  
b e c a u s e  t h i s  s h o u l d  p r e v e n t  t h e  f u n c t i o n a l  g r o u p s  i n v o l v e d  
i n  c o m p l e x a t i o n  f ro m  r e a c t i n g  w i t h  c y a n u r i c  c h l o r i d e .  The 
s o a k i n g  s o l u t i o n  c o n s i s t e d  o f  a c e t o n e - w a t e r  ( 3 : 2 ) ,  0 .0 0 2 1  M 
m o r in  a n d  0 . 0 1 ^  M A l ( I I I )  ( f r o m  a luminum s u l f a t e ) .  F o r  
c o m p a r i s o n  a  b a t c h  o f  u n c o m p le x e d  m o r in  was i m m o b i l i z e d  
u n d e r  t h e  same c o n d i t i o n s ,  b u t  o m i t t i n g  t h e  a lum inum .  The 
m o r in  bound  u n c o m p le x e d  g a v e  s l i g h t l y  h i g h e r  i n t e n s i t y  t h a n  
t h e  m o r in  bound co m p lex e d  when b o t h  w ere  s a t u r a t e d  w i t h  
a luminum an d ,  c o n s e q u e n t l y ,  m o r in  bound i n  t h e  u n co m p lex ed  
fo rm  was u s e d  f o r  a l l  e x p e r i m e n t s .  The amount o f  m o r in  
bound p e r  gram o f  c e l l u l o s e  was fo u n d  t o  be s l i g h t l y  g r e a t ­
e r  when m o r in  was bound  a s  t h e  c o m p lex .  T hus ,  i t  i s  n o t  
c l e a r  why t h i s  p r e p a r a t i o n  f a i l e d  t o  r e s p o n d  more s e n s i t i v e ­
l y  t o  A I ( I I I ) .  T h i s  i s  a n  i n t e r e s t i n g  q u e s t i o n ,  b u t  was 
n o t  p u r s u e d .
D e t e r m i n a t i o n  o f  Amount o f  M o r in  Bound
The amount  o f  m o r in  b o u n d /g ra m  o f  c e l l u l o s e  was fo u n d  
by  s t r i p p i n g  t h e  m o r i n  f ro m  t h e  c e l l u l o s e  i n  1 M K0H and 
m e a s u r i n g  t h e  m o r in  c o n c e n t r a t i o n  by s p e c t r o p h o t o m e t r y .  
Weighed am ou n ts  ( 0 . 0 3 1 1  g a nd  0 .0 3 5 6  g) o f  t h e  i m m o b i l i z e d  
m o r in  w ere  so a k e d  i n  1 M K0H s o l u t i o n s  ( 1 0 . 0 0  mL) u n t i l  t h e  
c e l l u l o s e  l o s t  c o l o r  (^  h o u r s ) .  The a b s o r b a n c e  o f  1 :10  
d i l u t i o n s  o f  t h e  s o a k i n g  s o l u t i o n s  was m e a s u r e d  a t  ^05 nm
a l o n g  w i t h  m o r in  s t a n d a r d s  i n  1 M KOH. The s t a n d a r d s  were  
a l l o w e d  to  so ak  a  c o m p a r a b l e  amount  o f  t im e  a s  t h e  s a m p le s  
s i n c e  m o r in  a b s o r b a n c e  may d e t e r i o r a t e  w i t h  t im e ' .  A b s o r b ­
a n ce  s p e c t r a  were  m e a s u re d  f o r  t h e  s t a n d a r d s  and  s o a k i n g  
s o l u t i o n s  f ro m  350 t o  600 nm.
The amount  o f  a c t i v e  a lum inum  b i n d i n g  s i t e s  c o n t a i n e d /  
gram o f  c e l l u l o s e  was d e t e r m i n e d  by two m e th o d s .  The f i r s t  
method was b a s e d  on  t h e  d i f f e r e n c e  i n  A l ( I I I )  c o n c e n t r a t i o n  
o f  a  s o l u t i o n  a f t e r  c o n t a c t  w i t h  t h e  i m m o b i l i z e d  m o r in .  
Knowing t h e  mass o f  t h e  s u p p o r t  and  t h e  A l ( I I I )  c o n c e n t r a ­
t i o n  b o t h  b e f o r e  a n d  a f t e r  s o a k i n g ,  one c a n  c a l c u l a t e  t h e  
number o f  a c t i v e  b i n d i n g  s i t e s .  Weighed am oun ts  ( 0 .0 0 7 7  g 
and  0 .0 1 1 5  g) o f  t h e  i m m o b i l i z e d  m o r in  were  s o a k e d  i n  
s o l u t i o n s  o f  a lum inum  s u l f a t e  (5*^5  x 10 ^ M, 0 . ^ 0 0  mL) 
a t  pH 5*1 f o r  15 m i n u t e s .  The d e c r e a s e  i n  a lum inum  c o n c e n ­
t r a t i o n  o f  t h e  s o a k i n g  s o l u t i o n s  was t h e n  d e t e r m i n e d  by 
t a k i n g  0 .1 0 0  mL o f  e a c h  s o a k i n g  s o l u t i o n ,  a d d i n g  m o r in  
( 0 .0 0 6 8 3  M, 0 .1 7 5  mL), d i l u t i n g  t o  25 mL w i t h  pH 5*1 
a c e t a t e  b u f f e r ,  a n d  m e a s u r i n g  t h e  f l u o r e s c e n c e  w i t h  t h e  
SLM s p e c t r o f l u o r o m e t e r . The e x c i t a t i o n  w a v e l e n g t h  was s e t  
a t  ^29 nm and t h e  e m i s s i o n  w a v e l e n g t h  was s e l e c t e d  u s i n g  
t h e  4-88 nm i n t e r f e r e n c e  f i l t e r .  The unknown c o n c e n t r a t i o n  
was d e t e r m i n e d  by c o m p a r in g  i n t e n s i t y  f o r  t h e  unknown t o  
i n t e n s i t i e s  f o r  a  s e r i e s  o f  a luminum s t a n d a r d  s o l u t i o n s  o f  
v a r y i n g  c o n c e n t r a t i o n .  S i n c e  t h i s  m ethod  i n v o l v e s  t h e  
m o r i n - A l ( I I I )  s y s t e m  a t  e q u i l i b r i u m ,  t h e  e q u i l i b r i u m  
c o n s t a n t  f o r  b i n d i n g  a t  pH 5*1 ( T a b l e  3 ) was u s e d  i n
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c a l c u l a t i n g  t h e  number  o f  a c t i v e  b i n d i n g  s i t e s  f ro m  t h e  
d e c r e a s e  i n  a luminum c o n c e n t r a t i o n .
The s e c o n d  m eth o d  u s e d  t o  d e t e r m i n e  t h e  num ber  o f  
a c t i v e  a luminum b i n d i n g  s i t e s  was b a s e d  on s a t u r a t i o n  o f  
t h e  b i n d i n g  s i t e s  w i t h  A l ( I I I )  and  t h e n  s t r i p p i n g  o f f  t h e  
A l ( I I I )  a n d  m e a s u r i n g  how much was b o u n d .  W eighed  am oun ts  
( 0 .0 2 1 5  g  and  0 . 0 1 9 7  g) o f  t h e  i m m o b i l i z e d  m o r in  were  e a c h  
so a k e d  i n  a  s o l u t i o n  o f  a lum inum  s u l f a t e  ( 7 - 5 6  x 10“ ^  M) a t  
pH ^ . 8  f o r  0 . 5  h o u r s .  T h i s  c o n c e n t r a t i o n  o f  a lum inum  i s  
s u f f i c i e n t  t o  s a t u r a t e  a l l  b i n d i n g  s i t e s .  The e x c e s s  
s o l u t i o n  was w ashed  away w i t h  f o u r  10 mL p o r t i o n s  o f  
d i s t i l l e d  d e i o n i z e d  w a t e r  on  a  s i n t e r e d  g l a s s  f u n n e l .  I n  
d e i o n i z e d  w a t e r  t h e  k i n e t i c s  o f  c o m p lex  d i s s o c i a t i o n  a r e  
so s lo w  t h a t  t h e  w a s h i n g  s t e p  may be c o m p l e t e d  w i t h o u t  
s i g n i f i c a n t  d i s s o c i a t i o n  o f  t h e  c o m p le x .  The c e l l u l o s e  
was t h e n  so a k e d  i n  10 mL o f  20% a c e t i c  a c i d  f o r  1 h o u r .
The c e l l u l o s e  was f l u o r e s c e n t  u n d e r  UV l i g h t  a f t e r  t h e  
a lum inum  s o a k i n g  a n d  w a s h in g ,  b u t  n o n f l u o r e s c e n t  a f t e r  t h e  
a c i d  t r e a t m e n t ,  i n d i c a t i n g  t h a t  a l l  t h e  a luminum had  b e en  
s t r i p p e d  o f f .  The s o l u t i o n  was d e c a n t e d  and  t h e  c e l l u l o s e  
was r i n s e d  w i t h  5 mL o f  d i s t i l l e d  w a t e r ,  r e s u l t i n g  i n  15 
mL o f  s o l u t i o n .  The pH was a d j u s t e d  t o  h . 7  with 'KOH and  
t h e  s o l u t i o n s  w ere  a n a l y z e d  f o r  a lum inum  by a d d i n g  m o r in  
( 0 . 1  mL, 0 .0 0 7 7 7  M) and  m e a s u r i n g  t h e  f l u o r e s c e n c e  i n t e n ­
s i t y  u s i n g  t h e  f i b e r  o p t i c  f l u o r o m e t e r .  S t a n d a r d s  o f  
v a r y i n g  a luminum c o n c e n t r a t i o n ,  a t  t h e  same pH, a c e t a t e  
c o n c e n t r a t i o n ,  a nd  m o r in  c o n c e n t r a t i o n  w ere  u s e d  t o
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d e t e r m i n e  t h e  amount  o f  a lum inum .
The number o f  b i n d i n g  s i t e s  f o r  B e ( I I )  was n o t  m e a s u r e d .  
I t  s h o u l d  be t h e  same a s  f o r  A l ( I I I ) .
F l u o r e s c e n c e  M e a s u re m e n ts
F l u o r e s c e n c e  s p e c t r a . To d e t e r m i n e  t h e  w a v e l e n g t h s  
f o r  e x c i t a t i o n  a n d  e m i s s i o n ,  f l u o r e s c e n c e  s p e c t r a  were 
m e a s u r e d  on  t h e  A l ( I I I ) - m o r i n  and  t h e  B e ( I I ) - m o r i n  c o m p le x e s  
i n  s o l u t i o n  u s i n g  t h e  P e r k i n  E lm e r  20k- s p e c t r o f l u o r o m e t e r .
E x c i t a t i o n  s p e c t r a  o f  b o t h  i m m o b i l i z e d  a n d  f r e e  m o r in  
and  t h e i r  A l ( I I I )  c o m p le x e s  were  m e a s u r e d  a t  a  f i x e d  
e m i s s i o n  w a v e l e n g t h  o f  ^88 nm a t  a  pH o f  ^ . 8  u s i n g  t h e  SLM 
s p e c t r o f l u o r o m e t e r  a s  d e s c r i b e d  i n  C h a p t e r  I I .
E x c i t a t i o n  s p e c t r a  o f  b o t h  i m m o b i l i z e d  a n d  f r e e  m o r in  
and  t h e i r  B e ( I I )  c o m p le x e s  w ere  m e a s u r e d  a t  a  f i x e d  e m i s s i o n  
w a v e l e n g t h  o f  520 nm a t  a  pH o f  5*3 u s i n g  t h e  SLM s p e c t r o ­
f l u o r o m e t e r .  T h e r e  was a  l a r g e  d i f f e r e n c e  b e tw e e n  t h e  
s o l u t i o n  a n d  i m m o b i l i z e d  s p e c t r a .  I t  was t h o u g h t  t o  be 
due t o  d i f f e r e n t  m o r i n - B e ( I I )  c o m p le x e s  fo rm ed  by d i s s o l v e d  
m o r in  r e l a t i v e  t o  t h o s e  f o r m e d  by t h e  i m m o b i l i z e d  m o r in .
To d e t e r m i n e  i f  t h i s  was t h e  r e a s o n  f o r  t h e  l a r g e  d i f f e r ­
e n c e ,  e x c i t a t i o n  s p e c t r a  were  m e a s u r e d  a t  v a r i o u s  B e ( I I ) :  
m o r i n  r a t i o s .  B e ca u se  t h e  r a t i o  o f  B e ( I I ) :  m o r in  d i d  n o t  
s i g n i f i c a n t l y  i n f l u e n c e  t h e  e x c i t a t i o n  s p e c t r a  o f  t h e  
c o m p le x ,  s p e c t r a  o f  t h e  com p lex  i n  s o l u t i o n  w ere  m e a s u r e d  
a t  v a r i o u s  pH v a l u e s  u s i n g  t h e  SLM s p e c t r o f l u o r o m e t e r .
T h i s  was done i n  o r d e r  t o  d e t e r m i n e  i f  t h e  e x c i t a t i o n  
s p e c t r u m  f o r  t h e  i m m o b i l i z e d  m o r i n - B e ( I I )  c o m p lex  r e f l e c t s
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a  d i f f e r e n c e  i n  t h e  e f f e c t i v e  pH o f  t h e  c o m p lex  on t h e  
s u r f a c e .
R e sp o n se  t o  A l ( I I I )  and  B e ( I I ) . F l u o r e s c e n c e  m e a s u r e ­
m e n t s  on t h e  i m m o b i l i z e d  m o r in  s e n s o r  a s  A l ( I I I )  o r  B e ( I I )  
c o n c e n t r a t i o n  was v a r i e d  were  made a s  d e s c r i b e d  i n  C h a p t e r
I I .  Aluminum o r  b e r y l l i u m  c o n c e n t r a t i o n  was v a r i e d  b o t h  by 
a d d i n g  m i c r o l i t e r  a m o u n t s  o f  a q u e o u s  s t a n d a r d  s o l u t i o n s  o f  
a lum inum  s u l f a t e  o r  b e r y l l i u m  s u l f a t e  t o  t h e  same b u f f e r e d  
s o l u t i o n  and  by  i m m e r s i n g  t h e  s e n s o r  i n t o  b u f f e r e d  s o l u ­
t i o n s  o f  v a r y i n g  a lum inum  o r  b e r y l l i u m  c o n c e n t r a t i o n .  
M e a s u r e m e n t s  w ere  made on  m o r in  i n  s o l u t i o n  f o r  c o m p a r i s o n  
t o  t h e  i m m o b i l i z e d  m o r i n .  The c o n c e n t r a t i o n  o f  m o r in  u s e d  
i n  t h e  s o l u t i o n  s t u d i e s  was 8 . 0 0  x 10 ^ M.
The r e v e r s i b i l i t y  o f  t h e  s e n s o r  r e s p o n s e  was d e t e r ­
m in e d  by  a d d i n g  A l ( I I I )  o r  B e ( I I )  t o  t h e  s e n s o r  i n  b u f f e r  
s o l u t i o n  u n t i l  t h e  r e s p o n s e  was c o n s t a n t ,  a n d  t h e n  im m e rs ­
i n g  t h e  s e n s o r  i n t o  a  b u f f e r  s o l u t i o n  w i t h o u t  A l ( I I I )  o r  
B e ( I I ) .  The s e n s o r  was t h e n  subm erged  i n t o  a  f r e s h  b u f f e r  
s o l u t i o n  and  more A l ( I I I )  o r  B e ( I I )  was a d d e d .  B e ca u se  
A l ( I I l )  fo rm s  s t r o n g  c o m p le x e s  w i t h  EDTA, t h e  a luminum was 
a l s o  s t r i p p e d  o f f  t h e  i m m o b i l i z e d  m o r in  by im m e rs in g  t h e  
s e n s o r  i n t o  a  s o l u t i o n  o f  EDTA ( 0 . 0 2 5 5  M a t  pH 7) and  
w a s h i n g  w i t h  d i s t i l l e d  d e i o n i z e d  w a t e r .
E f f e c t  o f  pH . The e f f e c t  o f  pH on  t h e  r e s p o n s e  t o  
A l ( I I I )  was s t u d i e d  u s i n g  a c e t a t e  b u f f e r s  ( 0 . 1  M) o f  v a r y ­
i n g  pH i n  t h e  r a n g e  2 . 9  t o  6 . 5 .
The e f f e c t  o f  pH on  t h e  r e s p o n s e  o f  t h e  s e n s o r  to
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B e ( I I )  was s t u d i e d  u s i n g  b u f f e r s  o f  v a r y i n g  pH. A c e t a t e  
b u f f e r s  o f  pH 3*5 and  5 - 3  were  u s e d ,  a l o n g  w i t h  p h o s p h a t e  
b u f f e r s  o f  pH 7*0 and  1 1 . 2 .  A l l  b u f f e r s  w e re  0 . 1  M. 
M e a s u re m e n ts  w ere  made on  d i s s o l v e d  m o r in  f o r  c o m p a r i s o n .
E f f e c t  o f  i n t e r f e r e n c e s . I n t e r f e r e n c e s  were  s t u d i e d  
by  a d d i n g  v a r i o u s  i o n s  s e p a r a t e l y  t o  t h e  i m m o b i l i z e d  m o r in  
s e n s o r  when i t  was r e s p o n d i n g  t o  a lum inum  o r  b e r y l l i u m .  
M e t a l  i o n s  t e s t e d  were  A l ( I I I )  ( B e ( I I ) ) ,  C a ( I I ) ,  M g ( I I ) ,  
F e ( I I l ) ,  C u ( I I ) ,  and  C o ( I l ) .
R e s u l t s  a n d  D i s c u s s i o n
R e s p o n s e  t o  A I ( I I I )
The f l u o r e s c e n c e  o f  t h e  s e n s o r  b a s e d  on  i m m o b i l i z e d
m o r i n  i n c r e a s e s  w i t h  a lum inum  c o n c e n t r a t i o n  a s  shown i n
F i g u r e  25* T h i s  i s  e x p e c t e d  s i n c e  a luminum fo rm s  a
f l u o r e s c e n t  co m p lex  w i t h  m o r in .  The r e s p o n s e  i s  f a i r l y  
-6l i n e a r  f rom  10 t o  10 M a lum inum  c o n c e n t r a t i o n .  Above 
_L
10 M t h e r e  i s  a  c h a n g e  i n  s l o p e  a nd  t h e  r e s p o n s e  l e v e l s  
o f f .  T h i s  l e v e l l i n g  o f f  i s  due t o  s a t u r a t i o n  o f  t h e  m o r i n  
w i t h  a lum inum .  The same t y p e  o f  r e s p o n s e  i s  o b s e r v e d  f o r  
m o r in  i n  s o l u t i o n  a s  shown i n  F i g u r e  26.
The e f f e c t  o f  pH on  t h e  i m m o b i l i z e d  m o r i n - A l ( I I I )  
com p lex  i s  s i m i l a r  t o  t h e  e f f e c t  on  t h e  m o r i n - A l ( I I I ) 
co m plex  i n  s o l u t i o n  a s  shown i n  F i g u r e s  25 a nd  2 6 . The 
co m plex  i s  m os t  i n t e n s e l y  f l u o r e s c e n t  a t  a b o u t  pH ^ . 8 .  A t  
l o w e r  pH v a l u e s ,  t h e  c o m plex  i s  l e s s  i n t e n s e l y  f l u o r e s c e n t  

























0.80 1.60 2.40 3.20 4.00
[ a i + 3 ] i o ~ 4
F i g u r e  25s R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  o f  t h e  immo­
b i l i z e d  m o r in  s e n s o r  a s  a  f u n c t i o n  o f  A I ( I I I )  
c o n c e n t r a t i o n  a t  pH 3*8 (& ), pH ^ . 8  ( Q ) , and  





















































a a a a a a
00 2.50 5.00 7.50 10.00
[A 1+ 3 ] 10
R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  o f  d i s s o l v e d  
m o r i n  a s  a  f u n c t i o n  o f  A l ( I I I )  c o n c e n t r a t i o n  
a t  pH 3 - 5  (>$ , pH 4 . 8  ( □ ) ,  a n d  pH 6 . 5  ( A ) .
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l o w e r .
R e sp o n se  t o  B e ( I I )
The f l u o r e s c e n c e  o f  t h e  s e n s o r  b a s e d  on  i m m o b i l i z e d  
m o r in  i n c r e a s e s  w i t h  b e r y l l i u m  c o n c e n t r a t i o n  a s  shown i n  
F i g u r e  27.  T h i s  r e s u l t  i s  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  t h e
s e n s o r  i n  t h e  p r e s e n c e  o f  a lum inum .  The r e s p o n s e  i s  f a i r l y
- 6  - k  -  bi­l i n e a r  f ro m  10 M t o  10 M b e r y l l i u m .  Above 10 M
t h e r e  i s  a  c h a n g e  i n  s l o p e  and  t h e  r e s p o n s e  l e v e l s  o f f  due 
t o  s a t u r a t i o n  o f  t h e  m o r in  w i t h  b e r y l l i u m .  The com p lex  
fo rm ed  i s  w e a k e r  t h a n  t h e  m o r i n - A l ( I I I )  com plex  a s  t h e  
b r e a k  i n  t h e  c u r v e  i s  n o t  a s  s h a r p .  The r e l a t i v e  f l u o r e s ­
c e n c e  i n t e n s i t y  o f  t h e  i m m o b i l i z e d  m o r i n - B e ( I I )  c o m plex  i s  
h i g h e r  t h a n  t h a n  t h a t  f o r  t h e  i m m o b i l i z e d  m o r i n - A l ( I I I )  
com p lex  a t  s a t u r a t i o n .
A s i m i l a r  t y p e  o f  r e s p o n s e  i s  o b s e r v e d  f o r  t h e  m o r in -  
B e ( I I )  c o m plex  i n  s o l u t i o n ,  e x c e p t  f o r  t h e  l a r g e  e f f e c t  o f  
pH on  t h e  f l u o r e s c e n c e  i n t e n s i t y  a s  shown i n  F i g u r e  28.
The m o r i n - B e ( I I )  c o m p lex  i s  m os t  i n t e n s e l y  f l u o r e s c e n t  a t  
h i g h  pH ( 1 2 . 0 ) .  I n  o r d e r  t o  o b t a i n  g r e a t e r  s e n s i t i v i t y  i n  
u s i n g  i m m o b i l i z e d  m o r i n  t o  d e t e r m i n e  B e ( I I ) ,  a  h i g h  pH 
s h o u l d  be u s e d .  However ,  t h e  i m m o b i l i z e d  m o r in  i s  s t r i p p e d  
o f f  o f  t h e  c e l l u l o s e  a t  h i g h  pH r e s u l t i n g  i n  a l o w e r  i n t e n ­
s i t y  t h a n  would  be e x p e c t e d  f ro m  t h e  s o l u t i o n  r e s u l t s .  At  
h i g h  pH we a r e  m os t  l i k e l y  m e a s u r i n g  t h e  f l u o r e s c e n c e  o f  
t h e  m o r i n - B e ( I I )  c o m p lex  w h ic h  h a s  b e e n  c l e a v e d  f ro m  t h e  
c e l l u l o s e  b e c a u s e  o f  h y d r o l y s i s .  The i n t e n s i t y  i s  l o w e r  



























F i g u r e  27* R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  o f  t h e  immo­
b i l i z e d  m o r in  s e n s o r  a s  a  f u n c t i o n  o f  B e ( I I )  
c o n c e n t r a t i o n  a t  pH 3*^5 ( O ) , pH. 5 . 2 5  (A), 
























0 0 .5  ,  1.0 1.5
[ B e 2+] 1 0 ^
F i g u r e  28s R e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  o f  d i s s o l v e d  
m o r in  a s  a  f u n c t i o n  o f  B e ( I I )  c o n c e n t r a t i o n  
a t  pH 3 . 4 5  (O),  pH 5 . 2 5  (A)> pH 7 .0 0  ( a ) ,  and 
pH 1 1 .2 3  ( • )■
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d i s t a n c e  f ro m  t h e  o p t i c  and  l i m i t e d  t r a n s m i t t a n c e  o f  t h e  
c e l l u l o s e  s u p p o r t  on  t h e  o p t i c  s u r f a c e .
A t  pH 7*0 ,  t h e  e m i s s i o n  i n t e n s i t i e s  f o r  b o t h  d i s s o l v e d  
a nd  i m m o b i l i z e d  c o m p le x e s  a r e  low .  One r e a s o n  f o r  t h e  l o w e r  
i n t e n s i t y  i s  a  s l i g h t  s h i f t  i n  t h e  e x c i t a t i o n  and  e m i s s i o n
w a v e l e n g t h s  f o r  t h e  com p lex  a t  pH 7*0 .  T h ese  s h i f t s  a r e
shown i n  T a b l e  2 f o r  t h e  co m p lex  i n  s o l u t i o n .  A n o t h e r  
e x p l a n a t i o n  i s  t h a t  t h e  s p e c i e s  r e s p o n s i b l e  f o r  t h e  f l u o r e s ­
c e n c e  a t  pH 7*0 i s  a  l e s s  e f f i c i e n t  f l u o r o p h o r .  T h i s  i s  
shown when i n t e n s i t i e s  a r e  com pared  f o r  s o l u t i o n s  w i t h  t h e  
same c o n c e n t r a t i o n  i n  m o r in  a n d  B e ( I I )  a s  shown i n  T a b le  2.
A t  lo w  pH ( 2 .7 * 0  t h e r e  i s  a g a i n  a  low  i n t e n s i t y  f o r
b o t h  d i s s o l v e d  and  i m m o b i l i z e d  c o m p le x e s  and  t h e  same 
r e a s o n i n g  c a n  be u s e d  t o  e x p l a i n  t h e  r e s u l t .  A n o t h e r  
r e a s o n  f o r  low  i n t e n s i t y  a t  low  pH c o u l d  be i n c o m p l e t e  
c o m p l e x a t i o n  b e c a u s e  a t  low  pH m o r in  i s  i n  t h e  p r o t o n a t e d  
fo rm .
B e c a u se  t h e  s e n s o r  i s  n o t  s t a b l e  a t  h i g h  pH a n d  i s  
o n l y  w e a k l y  f l u o r e s c e n t  a t  pH 7*0 and  2 .7» a  pH o f  5*0 i s  
m os t  s u i t a b l e  f o r  B e ( I I )  m e a s u r e m e n ts  a s  i n d i c a t e d  i n  
F i g u r e  27.
D e t e r m i n a t i o n  o f  B i n d i n g  C o n s t a n t s
The f l u o r e s c e n c e  i n t e n s i t i e s  and  a luminum c o n c e n t r a ­
t i o n s  w ere  p l o t t e d  i n  t h e  fo rm  o f  t h e  t h e o r e t i c a l  l i n e a r  
e q u a t i o n  m o d e l i n g  t h e  s y s te m  ( s e e  e q u a t i o n  ^ - 6 )  y i e l d i n g  
r e s u l t s  w h ic h  a r e  shown i n  F i g u r e  29* The l i n e a r  model  i s  
a d e q u a t e  f o r  t h e  s y s t e m  a t  t h e  95$ c o n f i d e n c e  l e v e l  a s
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Table 2:
F l u o r e s c e n c e  I n t e n s i t i e s  ( R e l a t i v e )  f o r  t h e  M o r i n - B e ( I I )  
Complex i n  S o l u t i o n  a t  Maximum E m i s s i o n  a n d  E x c i t a t i o n  
W a v e le n g th s  a s  a  F u n c t i o n  o f  pH
pH W a v e le n g th  (nm) F l u o r e s c e n c e  I n t e n s i t y
__________E x c i t a t i o n  E m i s s i o n __________ ( R e l a t i v e )_________
2 .7 4  435 490 1
4 . 7 7  420 520 9 . 6
7 . 0 0  440 510  1 . 4
1 2 . 5 0  435 515 340









0 . 0 0  4 . 0 0  8 . 0 0  1 2 . 0 0  1 0 . 0 0  2 0 . 0 0
CA1 + 3 ] 10 - 4
29s A t y p i c a l  p l o t  sho w in g  A l ( I I I )  c o n c e n t r a t i o n  
d i v i d e d  by  r e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  
a  f u n c t i o n  o f  A l ( I I I )  c o n c e n t r a t i o n  i n  which  
t h e  l i n e a r  model  ( e q u a t i o n  4 - 6 )  i s  r e p r e s e n t e d .
shown by t h e  a p p r o p r i a t e  r e g r e s s i o n  a n a l y s i s .  From t h e  
s l o p e  and  i n t e r c e p t ,  v a l u e s  f o r  t h e  c o n d i t i o n a l  b i n d i n g  
c o n s t a n t ,  K, were  d e t e r m i n e d  f o r  t h e  i m m o b i l i z e d  m o r in  i n  
s o l u t i o n s  o f  v a r y i n g  pH. The r e s u l t s  a r e  shown i n  T a b l e  3* 
T hese  v a l u e s  r e f l e c t  c h a n g e s  i n  p r o t o n a t i o n  o f  t h e  immo­
b i l i z e d  m o r in  and  f o r m a t i o n  o f  h y d r o x i d e  c o m p le x e s  o f  
a lum inum . A t  h i g h  pH t h e  f o r m a t i o n  c o n s t a n t  d e c r e a s e s  
b e c a u s e  more o f  t h e  a luminum i s  i n  t h e  fo r m  o f  h y d r o x i d e  
c o m p le x e s .  A t  low pH, t h e  c o n d i t i o n a l  f o r m a t i o n  c o n s t a n t  
d e c r e a s e s  b e c a u s e  t h e  l i g a n d  i s  p r o t o n a t e d .  The b i n d i n g
c o n s t a n t  f o r  A l ( I I I ) .  t o  m o r in  i n  s o l u t i o n  h a s  b e e n  r e p o r t e d  
£
a s  2 .9 6  x 10 , b u t  t h e  pH was n o t  s p e c i f i e d  ( 2 1 , 2 3 ) .
U s in g  t h e  s l o p e  and  i n t e r c e p t  o f  t h e  l i n e a r  p l o t  a t  
pH 4 . 8 ,  t h e  t h e o r e t i c a l  e q u a t i o n  t o  d e s c r i b e  t h e  r e s p o n s e  
o f  t h e  s e n s o r  ( e q u a t i o n  4 - 5 )  i s  p l o t t e d  i n  F i g u r e  30- 
S i n c e  t h e  d a t a  i s  r e p r e s e n t e d  a d e q u a t e l y  by  t h e  t h e o r y  f o r  
a  1 :1  A1( I I I ) - m o r i n  co m p lex ,  t h i s  s u g g e s t s  t h a t  t h e  com plex  
i s  p r i m a r i l y  i n  t h i s  fo rm .
The f l u o r e s c e n c e  i n t e n s i t i e s  and  b e r y l l i u m  c o n c e n t r a ­
t i o n s  were  a l s o  p l o t t e d  i n  t h e  fo rm  o f  t h e  t h e o r e t i c a l  
l i n e a r  e q u a t i o n  m o d e l i n g  t h e  s y s t e m  (See  e q u a t i o n  4 - 6 . ) .
The r e s u l t s  f o r  pH 5 - 2 5  a r e  shown i n  F i g u r e  31* The l i n e a r  
model  i s  a d e q u a t e  f o r  t h e  s y s t e m  a t  t h e  95^ c o n f i d e n c e  
l e v e l  a s  shown by t h e  a p p r o p r i a t e  r e g r e s s i o n  a n a l y s i s .
From t h e  s l o p e  and  i n t e r c e p t ,  v a l u e s  f o r  t h e  c o n d i t i o n a l  
e q u i l i b r i u m  c o n s t a n t ,  K, were  d e t e r m i n e d  f o r  t h e  i m m o b i l i z ­
ed m o r in  i n  s o l u t i o n s  o f  pH 5*25 and  3*^8« The r e s u l t s
Table 3!
E x p e r i m e n t a l  V a l u e s  o f  t h e  C o n d i t i o n a l  E q u i l i b r i u m  C o n s t a n t ,  
K, f o r  Aluminum B i n d i n g  t o  I m m o b i l i z e d  M o r in
joH______________________ K
3.8 X 10
4.1 1.2 X 10
4.6 1.4- X 10
8 1.7 X 10
5.1 3-3 X 10
5-5 2.8 X 10
5-9 3 X 10
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F i g u r e  30: A p l o t  o f  t h e  t h e o r e t i c a l  r e s p o n s e  o f  t h e
i m m o b i l i z e d  m o r in  s e n s o r  t o  a luminum ( c u r v e )  
r e p r e s e n t e d  by e q u a t i o n  ^ - 5  a nd  e x p e r i m e n t a l  
p o i n t s  (O) a t  pH ^ . 8 .
72
1 0 .0 0 -,
VI







F i g u r e  31: A t y p i c a l  p l o t  sh o w in g  B e ( I I )  c o n c e n t r a t i o n
d i v i d e d  by  r e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  
a  f u n c t i o n  o f  B e ( I I )  c o n c e n t r a t i o n  i n  w h ic h  
t h e  l i n e a r  model e q u a t i o n  ^ - 6  i s  r e p r e s e n t e d .  
R e s u l t s  a r e  a t  pH 5 - 2 .
73
a r e  5 .0  x 10^ a t  pH 3 .^ 8  and  1 . 0  x 10^ a t  pH 5 -2 5 -  The 
t h e o r e t i c a l  c u r v e  f o r  B e ( I I )  a t  pH 5 -2 5  i s  shown i n  F i g u r e  
32.
D e t e r m i n a t i o n  o f  Amount o f  M o r in  Bound
The am ount  o f  m o r i n  b o u n d /g r a m  o f  c e l l u l o s e  i s  ^ . 2  x 
lO - -^  mole  a s  d e t e r m i n e d  by s p e c t r o p h o t o m e t r i c a l l y  m e a s u r i n g  
t h e  amount  o f  m o r in  s t r i p p e d  o f f  t h e  c e l l u l o s e  i n  s t r o n g  
b a s e .  The c a l i b r a t i o n  c u r v e  i s  shown i n  F i g u r e  33- The 
a b s o r b a n c e  s p e c t r a  a r e  i d e n t i c a l  f o r  t h e  m o r in  i n  b a s e  and  
t h e  s o l u t i o n s  c o n t a i n i n g  t h e  s t r i p p e d  m o r i n .  T h i s  i n d i c a t e s  
t h a t  t r e a t m e n t  w i t h  b a s e  y i e l d s  f r e e  m o r in  r a t h e r  t h a n  a  
m o r i n - c y a n u r i c  c h l o r i d e  c o n j u g a t e .  The s p e c t r a  a r e  shown 
i n  F i g u r e  3^-
The num ber  o f  m o le s  o f  a c t i v e  c o m p l e x i n g  s i t e s / g r a m  
i s  1 .1  x 10“ 5 m o le s  A l ( I I I ) / g r a m  o f  i m m o b i l i z e d  m o r i n .  The 
same r e s u l t  i s  o b t a i n e d  by e a c h  o f  t h e  two m e th o d s .  T h i s  
means t h a t  t h e  number  o f  m o le s  o f  a c t i v e  c o m p l e x i n g  s i t e s  
i s  26$  o f  t h e  number  o f  m o le s  o f  m o r in  b o u n d /g ra m  o f  
c e l l u l o s e .  T h a t  t h e  number  o f  a c t i v e  s i t e s  i s  l e s s  t h a n  
t h e  t o t a l  i m p l i e s  t h a t  t h e  g r o u p  r e s p o n s i b l e  f o r  c o m p le x a -  
t i o n  i s  p a r t i a l l y  t i e d  up i n  t h e  i m m o b i l i z a t i o n  p r o c e d u r e .
I t  i s  n o t  known w hich  o f  t h e  m o r in  p h e n o l i c  s i t e s  t h e  
c y a n u r i c  c h l o r i d e  b i n d s  t o ,  b u t  t h e  p r o d u c t  i s  m os t  l i k e l y  
a  m i x t u r e  w i t h  t h e  c y a n u r i c  c h l o r i d e  bound t o  d i f f e r e n t  






























0  . 2 0 0  -i
0 . 1 7 5 -
0 . 1 5 0 -
0 . 1 2 5 -
0 . 1 0 0 -
0 . 0 7 5 -
0 . 0 5 0 -
0 . 0 2 5 -
0 .000
F i g u r e  32:  A p l o t  o f  t h e  t h e o r e t i c a l  r e s p o n s e  o f  t h e
i m m o b i l i z e d  m o r in  s e n s o r  t o  B e ( I I )  ( c u r v e )  
r e p r e s e n t e d  by e q u a t i o n  k - 5  and  e x p e r i m e n t a l  












1 . 4 0
1 . 2 0
1 . 0 0  -
0  . 8 0  -
0 . 6 0  -
0 . 4 0  -
0 .20 -
0 . 0 0
0 .00 2 . 0 0  4 . 0 0  6 . 0 0 8 . 0 0  1 0 . 0 0
- 5X
F i g u r e  33 = A p l o t  o f  a b s o r b a n c e  a s  a  f u n c t i o n  o f  m o r in
c o n c e n t r a t i o n  f o r  d e t e r m i n a t i o n  o f  t h e  am ount  
o f  m o r in  s t r i p p e d  f ro m  c e l l u l o s e .  E x p e r i m e n t a l  
p o i n t s  (* )  a r e  shown a l o n g  w i t h  t h e  l e a s t  













5 5 04 5 04 0 0
WAVELENGTH (NM)
3 5 0
F i g u r e  A b s o r b a n c e  s p e c t r a  ( i n  1 M KOH) f o r  m o r in  (A)
and  f o r  m o r i n  s t r i p p e d  f r o m  c e l l u l o s e  ( B ) . 
(A b s o r b a n c e  i s  i n  a r b i t r a r y  u n i t s  and  t h e  
s p e c t r a  a r e  p l a c e d  above  e a c h  o t h e r  f o r  
c o m p a r i s o n . )
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O p e r a t i n g  C h a r a c t e r i s t i c s
O p e r a t i n g  c h a r a c t e r i s t i c s  f o r  t h e  s e n s o r  i n  t h e  p r e s ­
e n ce  o f  A l ( I I I )  and  B e ( I I )  a r e  s i m i l a r .  The opt imum pH 
f o r  t h e  s e n s o r  r e s p o n s e  t o  A l ( I I I )  i s  4 . 8 .  The r e s p o n s e  to
A l ( I I I )  a t  v a r i o u s  pH v a l u e s  i s  shown i n  F i g u r e  2 5 . The
optimum pH f o r  t h e  s e n s o r  r e s p o n s e  t o  B e ( I I )  i s  5*0 .  The
r e s p o n s e  t o  B e ( I I )  i s  shown i n  F i g u r e  2 7 . A t  low  pH t h e
k i n e t i c s  o f  t h e  r e s p o n s e  a r e  v e r y  s lo w  and  t h e  i n t e n s i t y  i s  
low  f o r  t h e  s e n s o r  i n  t h e  p r e s e n c e  o f  b o t h  A l ( I I I )  a n d  Be 
( I I ) .  A t  h i g h e r  pH v a l u e s  t h e  f l u o r e s c e n c e  i n t e n s i t y  o f  
t h e  s e n s o r  i n  t h e  p r e s e n c e  o f  A l ( I I I )  i s  low  due i n  p a r t  
t o  t h e  h y d r o l y s i s  o f  A l ( I I I ) .  F l u o r e s c e n c e  i n t e n s i t y  
v e r s u s  t im e  d a t a  a t  d i f f e r e n t  pH v a l u e s  a r e  shown i n  F i g u r e  
35 f o r  A l ( I I I ) ;  t h e  same t r e n d  i s  o b s e r v e d  f o r  B e ( I I ) .  The 
r e s p o n s e  t im e  f o r  t h e  s e n s o r  t o  a  c h a n g e  i n  A l ( I I I )  o r  
B e ( I I )  c o n c e n t r a t i o n  i s  1 - 2  m i n u t e s .  When t h e  s e n s o r  i s  
s a t u r a t e d  and  p l a c e d  i n  a  b u f f e r  s o l u t i o n  w i t h o u t  A l ( I I I )  
o r  B e ( I I )  t h e  f a l l  t im e  i s  a b o u t  3 m i n u t e s .  The r e s p o n s e  
t im e  when t h e  i m m o b i l i z e d  r e a g e n t  i s  i n s e r t e d  i n t o  s o l u t i o n  
f o r  t h e  f i r s t  t i m e  i s  3 t o  4 m i n u t e s .
M e a s u re m e n t s  were  made w i t h  1 mg o f  d e r i v a t i z e d  s u p -  
p o r t  on  t h e  o p t i c  s u r f a c e .  T h i s  c o r r e s p o n d s  t o  4 . 2  x 10~ 
m o le s  o f  m o r in  on t h e  o p t i c  s u r f a c e  a s  d e t e r m i n e d  by 
a b s o r b a n c e  m e a s u r e m e n t s .
U s in g  t h e  f o l l o w i n g  r e l a t i o n s h i p  which  i s  v a l i d  a t  
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Fifpare  35• R e s p o n s e  a s  a  f u n c t i o n  o f  t im e  f o r  t h e  immo­
b i l i z e d  m o r in  s e n s o r  t o  A l ( I I I )  a t  pH 3*8 G^) ■ 
pH 4 . 8  ( □ ) ,  an d  pH 6 . 5  0%) •
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num ber  o f  A l ( l l l )  i o n s  bound  _ i n t e n s i t y _________________
t o t a l  number s i t e s  i n t e n s i t y  a t  s a t u r a t i o n
i t  i s  p o s s i b l e  t o  show t h a t  o n l y  1$ o f  t h e  A I ( I I I )  i s  
e x t r a c t e d  f ro m  s o l u t i o n  when o p e r a t i n g  i n  t h e  r e g i o n  o f  
l i n e a r  r e s p o n s e  t o  a lum inum .  B e c a u se  o f  t h e  s i m i l a r  
c o n c e n t r a t i o n s  u s e d ,  t h e  r e s u l t  i s  a s sum ed  to  be s i m i l a r  
f o r  b e r y l l i u m .  T h i s  s u p p o r t s  t h e  a s s u m p t i o n  i n  t h e  t h e o r y  
t h a t  i n s e r t i o n  o f  t h e  s e n s o r  d o e s  n o t  s i g n i f i c a n t l y  a f f e c t  
c o n c e n t r a t i o n .
The s i g n a l  t o  b a c k g r o u n d  r a t i o  i s  2 . 5 : 1  a t  a luminum 
c o n c e n t r a t i o n s  o f  1 x 10 - 3  M. D a rk  c u r r e n t  r e p r e s e n t s  50$ 
o f  t h e  b a c k g r o u n d  w i t h  t h e  r e m a i n d e r  . r e s u l t i n g  f rom  s c a t ­
t e r e d  and  r e f l e c t e d  l i g h t  p l u s  r e s i d u a l  m o r in  f l u o r e s c e n c e .  
The s i g n a l  to  b a c k g r o u n d  r a t i o  c a n  be im p ro v e d  t o  7:1  a t  
1 x 1 0 " 3 M a lum inum  u s i n g  t h e  SLM s p e c t r o f l u o r o m e t e r  a s  
t h e  s o u r c e  and  d e t e c t o r  i n  w h ich  c a s e  d a r k  c u r r e n t  r e p r e ­
s e n t s  25$ o f  t h e  b a c k g r o u n d .  The s i g n a l  t o  b a c k g ro u n d
r a t i o  i s  s i m i l a r  t o  t h e  s e n s o r  i n  t h e  p r e s e n c e  o f  b e r y l l i u m :
-L
2 :1  a t  b e r y l l i u m  c o n c e n t r a t i o n  o f  1 . 5  x 10 M. Dark  c u r ­
r e n t  r e p r e s e n t s  50$  o f  t h e  b a c k g r o u n d .
The d e t e c t i o n  l i m i t  f o r  t h e  s e n s o r ,  d e f i n e d  a s  t h e
c o n c e n t r a t i o n  e q u i v a l e n t  t o  two t i m e s  t h e  s t a n d a r d  d e v i a -
-6t i o n  o f  t h e  b a c k g r o u n d  s i g n a l ,  i s  1 x  10 M f o r  A l ( I I I )
__ /f
( 0 .0 2 7  ppm) and  1 x 10~ M f o r  B e ( I I )  ( 0 . 0 0 9  ppm).  A l ­
th o u g h  t h e  f l u o r e s c e n c e  i n t e n s i t y  o f  t h e  m o r i n - B e ( I I )  
com p lex  i s  h i g h e r  t h a n  f o r  t h e  m o r i n - A l ( I I I )  c o m p lex ,  t h e  
d e t e c t i o n  l i m i t  i s  n o t  l o w e r  b e c a u s e  i t  i s  s t i l l  l i m i t e d
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by t h e  v a r i a t i o n  i n  b a c k g r o u n d .
E x c i t a t i o n  S p e c t r a
S p e c t r a  o f  t h e  m o r i n - A l ( I I I ) c o m p l e x . The e x c i t a t i o n  
s p e c t r a  ( n o t  c o r r e c t e d )  o f  t h e  i m m o b i l i z e d  m o r i n ,  i t s  
a lum inum  c o m p lex ,  and  t h e  m o r i n - A l ( I I I )  c o m p lex  i n  s o l u t i o n  
a r e  shown i n  F i g u r e  3 6 . The s p e c t r a  o f  t h e  i m m o b i l i z e d  
c o m plex  and  t h e  c o m p lex  i n  s o l u t i o n  a r e  s i m i l a r  w i t h  t h e  
s p e c t r u m  o f  t h e  i m m o b i l i z e d  com plex  sh o w in g  a  s l i g h t  b r o a d ­
e n i n g .  The e x c i t a t i o n  s p e c t r u m  o f  t h e  i m m o b i l i z e d  m o r in  
shows a  s m a l l  p e a k  s i m i l a r  i n  s h a p e  t o  t h e  s p e c t r u m  o f  t h e  
co m p lex  s u p e r i m p o s e d  on  a  f l a t ,  c o n t i n u o u s  b a c k g r o u n d .
T h i s  i n d i c a t e s  t h a t  t h e  b a c k g r o u n d  i n c l u d e s  a  c o n t r i b u t i o n  
f ro m  weak m o r in  f l u o r e s c e n c e  p l u s  a  s i g n a l  due  t o  r e f l e c t e d  
and  s c a t t e r e d  r a d i a t i o n .
S p e c t r a  o f  t h e  m o r i n - B e ( I I )  c o m p l e x . E x c i t a t i o n  
s p e c t r a  f o r  t h e  i m m o b i l i z e d  m o r i n - B e ( I I )  co m p lex  and  t h e  
c o m p lex  i n  s o l u t i o n  a r e  shown i n  F i g u r e  37- The s p e c t r u m  
o f  t h e  i m m o b i l i z e d  m o r i n - B e ( I I )  c o m plex  i s  s h i f t e d  a  l a r g e  
amount r e l a t i v e  t o  t h e  s p e c t r u m  o f  t h e  co m p lex  i n  s o l u t i o n .  
When m e a s u r e m e n t s  a r e  made a t  v a r i o u s  B e ( I I ) : m o r i n  r a t i o s ,  
b o t h  t h e  i m m o b i l i z e d  and  s o l u t i o n  s p e c t r a  r e m a i n  s i m i l a r  
a s  shown i n  F i g u r e  38 .  The s h i f t  i n  t h e  s p e c t r u m  seems 
t o  be  due t o  a  d i f f e r e n c e  i n  t h e  e f f e c t i v e  pH o f  t h e  
i m m o b i l i z e d  c o m p lex  on  t h e  s u r f a c e ,  b e c a u s e  a  s o l u t i o n  o f  
t h e  com plex  a t  pH 9 -9 1  e x h i b i t s  a  s i m i l a r  s h i f t  i n  t h e  
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F i g u r e  3 6 : E x c i t a t i o n  s p e c t r a  ( u n c o r r e c t e d )  o f  t h e
m o r i n - A l ( I I I )  c o m plex  i n  s o l u t i o n  (A),  
t h e  i m m o b i l i z e d  m o r i n - A l ( I I I )  com plex  ( 0 ) ,  
and  t h e  i m m o b i l i z e d  m o r in  w i t h o u t  ad d ed  




























F i g u r e  37:  E x c i t a t i o n  s p e c t r a  ( c o r r e c t e d  f o r  v a r i a t i o n s
i n  s o u r c e  i n t e n s i t y  w i t h  w a v e l e n g t h )  o f  t h e  
m o r i n - B e ( I I ) c o m p lex  i n  s o l u t i o n  ( A ) » t h e  
i m m o b i l i z e d  m o r i n - B e ( I I )  c o m p lex  ( O ) , and  t h e  













































2 5 .  -
340 . 360 . 380  . 400 . 420 . 440 . 460 . 480 . 5 0 0 .
Figure 38:
WAVELENGTH Cnm3
A) E x c i t a t i o n  s p e c t r a  o f  t h e  m o r i n - B e ( I I )  
com p lex  i n  s o l u t i o n  a t  r a t i o s  o f  B e ( I I ) : m o r i n  
o f  0 . 0 7 0  (A) and  28.0 (D) a t  pH 5-2.
B) E x c i t a t i o n  s p e c t r a  o f  t h e  i m m o b i l i z e d  m o r in -  
B e ( I I )  co m p lex  a t  r a t i o s  o f  B e ( I I ) : m o r i n  o f  10.  ^ (A) a n d  167 (n) a t  pH 5 - 2. ( A l l  s p e c t r a  
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WAVELENGTH (nm)
F i g u r e  39s E x c i t a t i o n  s p e c t r a  ( c o r r e c t e d  f o r  v a r i a t i o n s  i n  
s o u r c e  i n t e n s i t y  w i t h  w a v e l e n g t h )  o f  t h e  m o r i n -  
B e ( I I )  c o m p lex  i n  s o l u t i o n  a t  pH 9-91  ( 0 )  and 
t h e  i m m o b i l i z e d  m o r i n - B e ( I I )  c om plex  a t  pH 5*2 
( • ) .
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I n t e r f e r e n c e s
The s p e c i e s  B e ( l l ) ,  C a ( I l ) ,  and  M g ( I l )  were  e v a l u a t e d  
a s  p o s s i b l e  i n t e r f e r e n c e s  w i t h  t h e  A l ( I I I )  d e t e r m i n a t i o n  
b e c a u s e  t h e y  fo r m  f l u o r e s c e n t  c o m p le x e s  w i t h  m o r in .  The 
opt imum pH f o r  t h e  f o r m a t i o n  o f  t h e s e  c o m p le x e s ,  h o w e v e r ,  
i s  abo v e  7 ( 2 1 , 2 3 ) .  The i o n s  F e ( I I I ) ,  C u ( I l ) ,  and  C o ( I l )  
a r e  a l l  h e a v y  m e t a l  i o n s  and  c o u l d  q u e n ch  f l u o r e s c e n c e  by 
c o m p l e x a t i o n  o r  by t h e  h e a v y  a tom  e f f e c t  i n  s o l u t i o n .  The 
e f f e c t  o f  a l l  t h e s e  i o n s  on t h e  a lum inum  r e s p o n s e  i s  shown 
i n  T a b l e  The m a j o r  i n t e r f e r e n c e s  a r e  B e ( I l )  w h ic h  i n ­
c r e a s e s  t h e  s i g n a l ,  a n d  F e ( I I l )  a nd  C u ( I I )  w h ich  q u e n c h  
f l u o r e s c e n c e  t o  a n  a p p r e c i a b l e  e x t e n t .  B e c a u se  o f  t h e  
d i f f e r e n c e s  i n  e x c i t a t i o n  maxima f o r  t h e  i m m o b i l i z e d  m o r i n -  
A l ( I I I )  and  m o r i n - B e ( I I )  c o m p le x e s ,  a n a l y s i s  f o r  a lum inum  
i n  t h e  p r e s e n c e  o f  b e r y l l i u m  c a n  be c a r r i e d  o u t  by p r o p e r  
s e l e c t i o n  o f  e x c i t a t i o n  w a v e l e n g t h .  The s i g n a l  f ro m  A l ( I I I )  
d e c r e a s e s  i n  t h e  p r e s e n c e  o f  C u ( I I ) ,  b u t  t h e  s e n s o r  s t i l l  
r e s p o n d s  t o  f u r t h e r  i n c r e a s e s  i n  t h e  a luminum c o n c e n t r a ­
t i o n .  The q u e n c h i n g  by  C u ( I I )  may be due t o  C u ( I l )  i o n s  
i n  s o l u t i o n  o r  t o  weak c o m p l e x a t i o n ,  r a t h e r  t h a n  due t o  
s t r o n g  c o m p l e x a t i o n  a s  i n  t h e  c a s e  o f  F e ( I I I ) .  M o r in  i s  
u s e d  t o  d e t e r m i n e  F e ( I I I )  s p e c t r o p h o t o m e t r i c a l l y  by 
m e a s u r i n g  t h e  a b s o r b a n c e  o f  t h e  s t r o n g l y - a b s o r b i n g ,  n o n -  
f l u o r e s c e n t  m o r i n - F e ( I I I ) com plex  ( 2 1 , 2 3 ) .  A f t e r  b e i n g  
q u e n c h e d  by t h e  a d d i t i o n  o f  F e ( I I I )  t h e  s e n s o r  no l o n g e r  
r e s p o n d s  t o  a d d ed  a lum inum .  To u s e  t h e  s e n s o r  i n  t h e  






E f f e c t  o f  I n t e r f e r e n c e s  on t h e  A l ( I I I )  R e sp o n se  o f  t h e  
I m m o b i l i z e d  M o r in  S e n s o r
I n t e r f e r e n c e C o n c e n t r a t i o n  S i g n a l  S i g n a l  ^Change  
(M)_________________  w / l n t * _____________
C a ( I I ) 3 . 3 2 X
M g ( I I ) 2 . 8 3 X
B e ( I I ) 3 . 1 9 X
4 . 7 3 X
C o ( I I ) 3 . 7 5 X
2 . 9 3 X
C u ( I I ) 7 . 6 4 X
7 . 5 9 X
F e ( I I I ) 3 . 2 7 X
4 . 8 7 X




















** A I ( I I I )  = 3 -5 9  x 10"-5 ^  
*** A l ( I I I )  = 7 . 1 8  x 10 D
0 .088 0 .0 9 0 + 2
0 .108 0 .1 1 8 + 9
0 .0 8 4 0 .1 0 3 + 23 *•*
0 .0 8 4 0 . 1 5 3 +82 ■S'#
0 .097 0 .0 9 7 0
0 .097 0 .0 8 0 -18
0 .1 3 4 0 .1 0 8 -19 ■S"**
0 .1 3 4 0 .0 3 9 -71 ***
0 .162 O . I 38 -1 5
0 .162 0 .0 2 0 -88
M
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t o  F e ( I I )  a n d  t i e  i t  up  a s  a  c o m p lex .
The same i n t e r f e r e n c e s  were  e v a l u a t e d  f o r  t h e  r e s p o n s e  
o f  t h e  s e n s o r  i n  t h e  p r e s e n c e  o f  b e r y l l i u m .  A l ( I I I )  was 
a l s o  t e s t e d  a s  a n  i n t e r f e r e n c e .  The m a j o r  e n h a n c e m e n t  
i n t e r f e r e n c e  i s  A l ( I I I )  a s  shown i n  T a b le  5* I n  o r d e r  to  
u s e  t h e  s e n s o r  t o  d e t e r m i n e  b e r y l l i u m  i n  t h e  p r e s e n c e  o f  
A l ( I I I ) ,  i t  would  be n e c e s s a r y  t o  com plex  t h e  A l ( I I I )  w i t h  
EDTA ( 2 9 ) .  P r o p e r  s e l e c t i o n  o f  e x c i t a t i o n  w a v e l e n g t h  
c o u l d  a l s o  be  u s e d  a s  m e n t i o n e d  e a r l i e r .  The m a j o r  
q u e n c h i n g  i n t e r f e r e n c e s  a r e  F e ( I I I )  and  C u ( I I )  a s  i n  t h e  
c a s e  o f  t h e  a luminum s e n s o r .  The e f f e c t  o f  F e ( I I I )  i s  
somewhat l e s s ,  p r o b a b l y  due t o  t h e  h i g h e r  pH o f  t h e  s y s te m  
u s e d  f o r  t h e  B e ( I I )  s e n s o r .  To u s e  t h e  s e n s o r  t o  d e t e r m i n e  
b e r y l l i u m  i n  t h e  p r e s e n c e  o f  t h e s e  i n t e r f e r e n c e s ,  EDTA 
c o u l d  a g a i n  be  u s e d  t o  fo rm  c o m p le x e s  w i t h  F e ( I I I )  and  
C u ( I I )  o r  t a c t i c s  s i m i l a r  t o  t h o s e  m e n t i o n e d  i n  t h e  
p r e v i o u s  p a r a g r a p h  c o u l d  be u s e d .
Table 5s
E f f e c t  o f  I n t e r f e r e n c e s  on t h e  B e ( I I )  R e s p o n s e  o f  t h e  
I m m o b i l i z e d  M o r in  S e n s o r
I n t e r f e r e n c e  C o n c e n t r a t i o n  S i g n a l  S i g n a l  ^Change  
________________________(M}_________________________ w / l n t *
C a ( I I ) 3 -3 9 X 101 0 .0 9 7 0 .1 0 0 + 32 . 6 5 X 0 .0 9 7 0 .0 9 4 - 3 **
M g ( l l ) 3 . 5 9 X 1 0 - * 0 .1 3 5 0 .1 4 5 + 7 **
2 .8 0 X
} ° - 5
1 0 -4
10-5
10- 3  10 J
0 . 1 3 5 0 .1 4 2 *5
A I ( I I I ) 4 . 9 9 X 0 .1 4 8 0 .1 8 7 + 26
2 . 9 5 X 0 .1 4 8 0 . 2 2 4 +51 ***
C o ( I I ) 7 . 4 5 X 0 . 1 3 4 0 . 1 2 3 -8
2 .9 1 X 0 . 1 3 4 0 .0 4 0 ' -7 0 **
C u ( I I ) 7 .5 9 X 10_\ 0 . 1 2 3 0 .0 7 7 -37
**
1 . 1 2 X
10- 3  10 J
0 . 1 2 3 0 . 0 0 4 - 9 7 **
F e ( l l l ) 3 . 2 5 X 0 .1 0 5 0 .0 7 7 - 2 7 ■M-*
1 .2 8 X 0 .1 0 5 0 .0 1 7 - 8 4
* I n t  = I n t e r f e r e n c e  * 
* * B e ( I I )  = ^ . 7 5  x 10“ -> M 
* * * B e ( I I )  = 3 . 2 9  x 1 0 "°  M
CHAPTER V
CHARACTERIZATION OF IMMOBILIZED CALCEIN 
I n t r o d u c t i o n
The p r o p e r t i e s  o f  i m m o b i l i z e d  c a l c e i n  ( 3 » 6 - d i h y d r o x y -  
2 , ^ - b i s ( N , N ' - d i ( c a r b o x y m e t h y l ) a m i n o m e t h y l ) f l u o r a n ;  F l u o r e x ­
on;  e t c . )  a s  a  p o s s i b l e  s e n s o r  f o r  C u ( I I ) ,  C o ( I I ) ,  o r  
N i ( I I )  a r e  d e s c r i b e d  i n  t h i s  c h a p t e r .
I n  1956 D i e h l  a n d  E l l i n g b o e  (30)  r e p o r t e d  a n  i n d i c a t o r  
f o r  t h e  t i t r a t i o n  o f  c a l c i u m  w i t h  EDTA p r e p a r e d  by c o n d e n s ­
i n g  i m i n o d i a c e t i c  a c i d ,  f o r m a l d e h y d e ,  and  f l u o r e s c e i n .
They d e s i g n a t e d  t h e  p r o d u c t  c a l c e i n .  U s in g  c a l c e i n  a s  a n  
e n d p o i n t  i n d i c a t o r ,  t h e  t i t r a t i o n  o f  c a l c i u m  c o u l d  be p e r ­
fo rm e d  i n  t h e  p r e s e n c e  o f  m agnes ium .  Below pH 12, b o t h  t h e  
f r e e  i n d i c a t o r  and  t h e  c a l c i u m  c o m plex  o f  c a l c e i n  a r e  y e l ­
l o w - g r e e n ,  b u t  above  pH 12 t h e  f r e e  i n d i c a t o r  i s  brown 
w h i l e  i t s  c a l c i u m  c o m p le x  r e m a i n s  y e l l o w - g r e e n .  The e n d ­
p o i n t  was t a k e n  a s  t h e  c h a n g e  f r o m  y e l l o w - g r e e n  t o  brown 
( 3 0 ) .  D i e h l  and  E l l i n g b o e  made no r e f e r e n c e  t o  c h a n g e s  i n  
f l u o r e s c e n c e  w i t h  c a l c i u m  b i n d i n g ,  b u t  f l u o r e s c e n c e  c h a n g e s  
w e re  l a t e r  d e s c r i b e d  by  T u c k e r  (31 )*  The p r e p a r a t i o n  o f  
c a l c e i n ,  i t s  a c i d - b a s e  and  f l u o r e s c e n c e  c h a r a c t e r i s t i c s ,  
and  i t s  u s e  f o r  t h e  u l t r a m i c r o  d e t e r m i n a t i o n  o f  c a l c i u m  
were  d e s c r i b e d  by W a l l a c h ,  e t  a l .  i n  1959 ( 3 2 ) .  The m ethod  
was m o d i f i e d  f o r  f l u o r o m e t r i c  d e t e r m i n a t i o n  o f  c a l c i u m  i n  
se rum  by K e p n e r  a n d  H e r c u l e s  (33)  i n  1 9 6 3 * P h i l i p s  (3 ^ )  i n
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19 6 ^ ,  and  H i l l  (35 )  i n  a n  a u t o m a t e d  p r o c e d u r e  i n  1965•
M oser  and  G e ra d e  ( 3 6 ) a d a p t e d  t h e  m ethod  t o  t h e  "UNOPETTE" 
s y s t e m  i n  1969- The l i n e a r i t y  a nd  r e p r o d u c i b i l i t y  o f  t h e  
m etho d  was l a t e r  s t u d i e d  by B a r d r o w s k i  and  B enson  (3^ )*  
C a l c e i n  h a s  a l s o  b e e n  u s e d  f o r  f l u o r o m e t r i c  d e t e r m i n a t i o n  
o f  A l ( I I I ) f a l k a l i n e  e a r t h s ,  C o ( I I ) ,  C u ( I I ) ,  N i ( I I ) ,  Z n ( I I )  
( 3 7 ) ,  and  C d ( I I )  ( 3 8 ) .
When c a l c e i n  i s  p r e p a r e d  by t h e  c o n d e n s a t i o n  o f  i m i n o ­
d i a c e t i c  a c i d ,  f o r m a l d e h y d e ,  and  f l u o r e s c e i n ,  a  m i x t u r e  o f  
compounds r e s u l t s  ( 3 5 ) -  W a l l a c h ,  e t  a l .  hav e  p r e s e n t e d  
e v i d e n c e  t h a t  t h e  p r o d u c t  o f  t h e i r  c o n d e n s a t i o n  r e s u l t s  i n  
t h e  s t r u c t u r e  shown i n  F i g u r e  ^0A. C a l c e i n  i s  a v a i l a b l e  a s  
c a l c e i n - W  ( F i s h e r )  (39 )  and  F l u o r e x o n  ( A l d r i c h )  ( ^ 0 ) .  The 
s t r u c t u r e  g i v e n  i s  shown i n  F i g u r e  ^0B.
C a l c e i n  i s  a n a l y t i c a l l y  u s e f u l  b e c a u s e  i t  f o r m s  
f l u o r e s c e n t  c o m p le x e s  w i t h  m e t a l s  s u c h  a s  C a ( I I )  and  C d ( I I )  
ab o v e  pH 12 where  t h e  f r e e  i n d i c a t o r  i s  n o n f l u o r e s c e n t .
The b a s i s  o f  t h e  f l u o r e s c e n c e  b e h a v i o r  o f  c a l c e i n  d i f f e r s  
f ro m  o t h e r  r e a g e n t s  u s e d  t o  fo rm  f l u o r e s c e n t  m e t a l  c h e l a t e s  
( e . g .  , 8 - h y d r o x y q u i n o l i n e , m o r in ,  2 , 2 ' - d i h y d r o x y a z o b e n z e n e )  
i n  t h a t  t h e  m e t a l  i o n  d o e s  n o t  t i e  up n o n b o n d in g  e l e c t r o n s  
a s s o c i a t e d  w i t h  t h e  a r o m a t i c  s y s t e m .  I n s t e a d ,  i t  m e r e l y  
a s s o c i a t e s  w i t h  t h e  i m i n o d i a c e t a t e  g ro u p ;  h o w e v e r ,  t h i s  i s  
s u f f i c i e n t  t o  c h a n g e  t h e  f l u o r e s c e n c e  b e h a v i o r  so t h a t  
a n a l y s i s  f o r  C a ( I I )  i s  p o s s i b l e  ( 2 2 ) .  C a l c e i n  c a n  a l s o  be 
u s e d  t o  d e t e r m i n e  h e a v y  m e t a l s  s u c h  a s  C o ( I I )  and  C u ( I I )  a t  
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F i g u r e  A-0: k t  S t r u c t u r e  o f  c a l c e i n  a c c o r d i n g  t o  W a l l a c h
( 3 2 ) .
B: S t r u c t u r e  o f  c a l c e i n - W  o r  F l u o r e x o n  ( ^ 0 ) .
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r e l a t e d  t o  m e t a l  i o n  c o n c e n t r a t i o n .
I n  o r d e r  t o  be u s e d  a s  a  s e n s o r  f o r  m e t a l  i o n s  e i t h e r  
by f o r m a t i o n  o f  f l u o r e s c e n t  c o m p le x e s  o r  by q u e n c h i n g ,  
c a l c e i n  n e e d s  t o  be i m m o b i l i z e d  on a  s o l i d  s u p p o r t .  Be­
c a u s e  amino compounds a r e  r e a d i l i y  i m m o b i l i z e d  on  s o l i d  
s u p p o r t s ,  s u c h  a s  c o n t r o l l e d  p o r e  g l a s s ,  one  a p p r o a c h  t o  
i m m o b i l i z e d  c a l c e i n  w o u ld  be t o  p r e p a r e  a n  amino d e r i v a t i v e  
o f  c a l c e i n .  A t h r e e  s t e p  s y n t h e s i s  to  p r e p a r e  a n  amino 
d e r i v a t i v e  o f  c a l c e i n  i s  shown i n  F i g u r e  ^ 1 .  The amino 
c a l c e i n  p r e p a r e d  i n  t h i s  way c a n  be i m m o b i l i z e d  t o  c o n t r o l ­
l e d  p o r e  g l a s s  o r  p o w d e re d  c e l l u l o s e  i n  t h e  same m anner  a s  
f l u o r e s c e i n a m i n e . A l t e r n a t i v e l y ,  i n  o r d e r  t o  a v o i d  t h e  
p r e p a r a t i o n  o f  an  amino d e r i v a t i v e  o f  c a l c e i n ,  c a l c e i n - W  
c a n  be i m m o b i l i z e d  on  po w d e red  c e l l u l o s e  v i a  t h e  p h e n o l i c  
g ro u p  u s i n g  c y a n u r i c  c h l o r i d e  a s  shown i n  F i g u r e  12.
The f l u o r e s c e n c e  c h a r a c t e r i s t i c s  o f  c a l c e i n  a r e  d e p e n d ­
e n t  on pH and  m e t a l  i o n  c o n c e n t r a t i o n .  I n  o r d e r  t o  u s e  
i m m o b i l i z e d  c a l c e i n  a s  a  s e n s o r  f o r  m e t a l  i o n s ,  t h e  s o l u ­
t i o n  m us t  be b u f f e r e d  t o  a  c o n s t a n t  pH. B e c a u se  c a l c e i n  
i m m o b i l i z e d  on  c e l l u l o s e  w i l l  be h y d r o l y z e d  f ro m  t h e  s u r f a c e  
a t  h i g h  pH, c a l c e i n  i m m o b i l i z e d  v i a  c y a n u r i c  c h l o r i d e  c a n  
n o t  be u s e d  t o  d e t e r m i n e  m e t a l s  w h ic h  fo rm  f l u o r e s c e n t  
c o m p le x e s  a t  h i g h  pH. However,  a t  n e u t r a l  pH i m m o b i l i z e d  
c a l c e i n  s h o u l d  be q u e n c h e d  by t h e  h e a v y  m e t a l  i o n s  s u c h  a s  
C u ( I I ) ,  C o ( I I ) ,  and  N i ( I I ) .  M e t a l  i o n  c o n c e n t r a t i o n  c a n  












F i g u r e  ^1 :  T h re e  s t e p  s y n t h e s i s  f o r  p r e p a r a t i o n  o f  a n
amino d e r i v a t i v e  o f  c a l c e i n .
Theory
T h i s  s e c t i o n  d e v e l o p s  t h e  t h e o r y  t o  d e s c r i b e  t h e  
r e l a t i v e  r e s p o n s e  o f  i m m o b i l i z e d  c a l c e i n  a s  a  f u n c t i o n  o f  
m e t a l  i o n  c o n c e n t r a t i o n ,  and  t o  d e t e r m i n e  e q u i l i b r i u m  
c o n s t a n t s  f o r  m e t a l  b i n d i n g  to  i m m o b i l i z e d  c a l c e i n .  The 
t r e a t m e n t  i s  s i m i l a r  t o  t h a t  i n  C h a p t e r  IV. The m e t a l s  t o  
be s t u d i e d ,  s u c h  a s  C u ( I l ) ,  C o ( I I ) ,  and  N i - ( I I ) ,  when com­
p l e x e s  t o  c a l c e i n  s h o u l d  q u en ch  f l u o r e s c e n c e .  I n  t h i s  
t r e a t m e n t ,  i t  i s  a g a i n  assum ed t h a t  t h e  t o t a l  number o f  
i m m o b i l i z e d  c a l c . e i n  m o l e c u l e s ,  C, i s  much l e s s  t h a n  t h e  
num ber  o f  m e t a l  i o n s  i n  s o l u t i o n  and  t h a t  t h e  e q u i l i b r i u m  
c o n s t a n t  f o r  com plex  f o r m a t i o n  i s  r e l a t i v e l y  s m a l l .  Under  
t h e s e  c o n d i t i o n s  t h e  i n s e r t i o n  o f  t h e  s e n s o r  w i l l  n o t  
s i g n i f i c a n t l y  a f f e c t  t h e  m e t a l  i o n  c o n c e n t r a t i o n  i n  s o l u ­
t i o n .  The e q u i l i b r i u m  c o n s t a n t  f o r  m e t a l  b i n d i n g  t o  immo­
b i l i z e d  l i g a n d  i s  r e p r e s e n t e d  i n  e q u a t i o n  4—1. A 1 :1  com­
p l e x  i s  a g a i n  a ssum ed  s i n c e  c a l c e i n  fo rm s  s t r o n g  1 :1  com­
p l e x e s  w i t h  C u ( I I ) ,  C o ( I I ) ,  and  N i ( I I )  (37 )*  The number 
o f  i m m o b i l i z e d  l i g a n d  m o l e c u l e s ,  C, r e m a i n s  a s  i n  e q u a t i o n  
4 - 2 .
S i n c e  c a l c e i n  i s  f l u o r e s c e n t  by i t s e l f  and  t h e  c a l c e i n -  
m e t a l  com plex  i s  n o n f l u o r e s c e n t , t h e  f l u o r e s c e n c e  s i g n a l  
w i l l  now d e p e n d  on  t h e  amount o f  l i g a n d  u n co m p lex e d :
I  = kL 5 -1
w here  I  i s  t h e  f l u o r e s c e n c e  i n t e n s i t y  and  k i s  a  p r o p o r t i o n ­
a l i t y  c o n s t a n t  r e l a t i n g  f l u o r e s c e n c e  i n t e n s i t y  t o  t h e
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am ount  o f  u n c o m p lex e d  l i g a n d .  I t  i s  a s sum ed  t h a t  i n t e n s i t y  
i s  p r o p o r t i o n a l  t o  t h e  number  o f  s i t e s .
By s u b s t i t u t i n g  e q u a t i o n  4 - 2  i n t o  e q u a t i o n  4 -1  and  
r e a r r a n g i n g ,  i t  i s  p o s s i b l e  t o  e x p r e s s  L i n  t e r m s  o f  C, a  , 
a n d  K:
L = C / (  1 * Kam) .  5 - 2
By s u b s t u t i n g  e q u a t i o n  5 - 2  i n t o  e q u a t i o n  5-1  a n 
e x p r e s s i o n  f o r  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f  
m e t a l  i o n  a c t i v i t y  i s  o b t a i n e d :
I  = KC /(1  + Kam) .  5 - 3
To t e s t  w h e t h e r  t h e  e x p e r i m e n t a l  d a t a  f i t s  t h e  t h e o r y  and  
t o  d e t e r m i n e  K f o r  t h e  i m m o b i l i z e d  c a l c e i n ,  a  l i n e a r  fo rm  
o f  e q u a t i o n  5 - 3  c a n  be  u s e d :
1 / 1  = K a ^ k C  + l / k C . 5 - 4
A p l o t  o f  l / l  v e r s u s  a ffi w i l l  be l i n e a r  w i t h  a  s l o p e  o f  K/kC 
a n d  a n  i n t e r c e p t  o f  l / k C  i f  t h i s  model  a p p l i e s .
B e ca u se  i m i n o d i a c e t i c  a c i d  f o r m s  s t r o n g  c o m p le x e s  
w i t h  many m e t a l s  i n c l u d i n g  C u ( I I ) ,  C o ( I I ) ,  and  N i ( I I )  ( 4 1 ) ,  
an d  c a l c e i n  c o n t a i n s  two i m i n o d i a c e t a t e  g r o u p s ,  t h e  
a s s u m p t i o n  t h a t  t h e  i n s e r t i o n  o f  t h e  s e n s o r  w i l l  n o t  
s i g n i f i c a n t l y  a f f e c t  t h e  m e t a l  i o n  c o n c e n t r a t i o n  may n o t  
be  a  v a l i d  o n e .  I n s t e a d ,  t h e  b i n d i n g  c o n s t a n t  may be so
l a r g e  t h a t  t h e  i m m o b i l i z e d  c a l c e i n  w i l l  e x t r a c t  a  l a r g e
p e r c e n t a g e  o f  t h e  m e t a l  i o n  f ro m  d i l u t e  s o l u t i o n s .  I n
t h i s  c a s e  i t  i s  n o t  p o s s i b l e  t o  d e t e r m i n e  t h e  b i n d i n g  
c o n s t a n t  by p l o t t i n g  l / l  v e r s u s  a  . I n s t e a d ,  a  m ethod  b a s e d  
on c o m p e t i t i v e  b i n d i n g  may be  u s e d  t o  o b t a i n  t h e  d e s i r e d  
b i n d i n g  c o n s t a n t s .  A l i g a n d  t o  u s e  f o r  c o m p e t i t i v e  b i n d ­
i n g  s h o u l d  have  m e t a l  b i n d i n g  c o n s t a n t s  o f  a p p r o x i m a t e l y  
t h e  same m a g n i tu d e  a s  i m m o b i l i z e d  c a l c e i n .  S i n c e  t h e  
c h e l a t i n g  p a r t  o f  c a l c e i n  r e s e m b l e s  i m i n o d i a c e t i c  a c i d  
(IDA), IDA s h o u l d  be a  good c h o i c e .
The e q u i l i b r i u m  o f  i n t e r e s t  a n d  t h e  e q u i l i b r i u m  
c o n s t a n t  r e m a i n  a s  i n  e q u a t i o n  4 - 1 .  When t h e  c o m p e t i t i v e ,  
a u x i l i a r y  l i g a n d  IDA i s  a d d e d ,  o t h e r  e q u i l i b r i a  n e e d  t o  be 
t a k e n  i n t o  a c c o u n t .  The m e t a l  c o m p le x e s  t h a t  IDA c a n  fo rm  
and  t h e  a c i d - b a s e  c h a r a c t e r i s t i c s  o f  IDA m us t  be a c c o u n t e d  
f o r  i n  d e v e l o p i n g  a n  e x p r e s s i o n  f o r  t h e  e q u i l i b r i u m  c o n s t a n t  
f o r  m e t a l  b i n d i n g  t o  i m m o b i l i z e d  c a l c e i n .
S i n c e  t h e  a d d i t i o n  o f  IDA w i l l  a f f e c t  t h e  m e t a l  i n  
s o l u t i o n ,  e q u a t i o n  4 -1  n e e d s  t o  be m o d i f i e d  by c o n s i d e r i n g  
t h e  f r a c t i o n  m e t a l  n o t  bound  t o  c a l c e i n .  The f r a c t i o n  o f  
m e t a l  i n  a l l  f o r m s  o t h e r  t h a n  bound t o  c a l c e i n ,  3 , c a n  be 
r e p r e s e n t e d  by t h e  f o l l o w i n g s
6 = V ° m  5 - 5
where  a m i s  t h e  f r e e  m e t a l  a t  e q u i l i b r i u m ,  and  c m i s  t h e  
t o t a l  c o n c e n t r a t i o n  o f  m e t a l  i n  a l l  f o r m s .
When e q u a t i o n  5 - 5  i s  s o l v e d  f o r  a m and  s u b s t i t u t e d  i n  
t h e  e q u i l i b r i u m  c o n s t a n t  e x p r e s s i o n  i n  e q u a t i o n  4 - 1 ,  t h e  
f o l l o w i n g  e x p r e s s i o n  i s  o b t a i n e d  f o r  K:
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K = ML/Lcm 3 . 5 - 6
3 can be calculated from the following expression (42):
3 = 1 / ( 1  + Ki [ L ~3 ] + K2[L"3]2) 5 - 7
w h e r e [ L -8 ] r e p r e s e n t s  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  IDA 
i n  t h e  L~8 fo rm  and  a n d  a r e  t h e  f o r m a t i o n  c o n s t a n t s  
f o r  t h e  ID A -m e ta l  e q u i l i b r i a  (4l).
I n  a d d i t i o n ,  t h e  a c i d - b a s e  c h a r a c t e r i s t i c s  o f  IDA 
m us t  be t a k e n  i n t o  a c c o u n t .  T h i s  c a n  be done by  c a l c u l a t -
_ 3
i n g  t h e  f r a c t i o n  o f  l i g a n d  m  t h e  L  ^ fo rm .  A t  a  known,
- 3  .  'f i x e d  pH, a , t h e  f r a c t i o n  o f  l i g a n d  m  t h e  L fo rm  i s  
g i v e n  by:
a = [ L~ y ° l  5 - 8
w here  c-  ^i s  t h e  t o t a l  l i g a n d  c o n c e n t r a t i o n  n o t  co m p lex ed
t o  m e t a l .  I f  t h e  pH i s  known, a c a n  be c a l c u l a t e d  by t h e  
f o l l o w i n g  e x p r e s s i o n  ( 4 2 ) :
a = 1 / ( 1  + Ka l [H+] * Ka l Ka 2 [H+] 2 * Ka l Ka2Ka 3 [H+] 3) 5 - 9
where  , Ka 2 , a r e  t h e  a c i d  d i s s o c i a t i o n  c o n s t a n t s  
f o r  IDA.
When e q u a t i o n  5 -8  i s  s o l v e d  f o r  L~^,  a  new e x p r e s s i o n  
f o r  3 i s  o b t a i n e d :
3 = 1 / ( 1  + Ka i c i a + K2 ( C l a ) 2 ) .  5 - 1 0
T hus ,  3 c a n  be  c a l c u l a t e d  a t  a n y  c o n c e n t r a t i o n  o f  IDA ( c ^ )  
i f  t h e  pH i s  f i x e d  and  known. I t  i s  a ssum ed  t h a t  t h e  o n l y
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m e t a l - l i g a n d  c o m p le x e s  w h ic h  a r e  i m p o r t a n t  t o  c o n s i d e r  a r e  
m e t a l - c a l c e i n  and  m e t a l - I D A .  T h i s  i s  a  r e a s o n a b l e  a s su m p ­
t i o n  b e c a u s e  t h e  e x p e r i m e n t s  c a n  be c a r r i e d  o u t  a t  pH 7 
a nd  be lo w ,  a n d  t h e  h y d r o l y s i s  c o n s t a n t s  f o r  t h e  m e t a l s  u s e d  
a n d  t h e  c o n s t a n t s  f o r  m e t a l  b i n d i n g  to  c o m p o nen ts  o f  t h e  
b u f f e r  s y s t e m  u s e d  a r e  r e l a t i v e l y  s m a l l  i n  c o m p a r i s o n  to  
t h e  c o n s t a n t s  f o r  b i n d i n g  to  IDA.
The f l u o r e s c e n c e  i n t e n s i t y  f ro m  t h e  i m m o b i l i z e d  c a l c e i n  
d e p e n d s  on t h e  r e l a t i v e  a m o u n ts  i n  t h e  co m p lex ed  ( n o n f l u -  
o r e s c e n t )  and  uncom plexed  ( f l u o r e s c e n t )  f o r m s .  As t h e  
am ount  o f  c o m p e t i n g  l i g a n d  i s  i n c r e a s e d ,  3 d e c r e a s e s  c a u s ­
i n g  a  c h an ge  i n  t h e  c o n d i t i o n a l  b i n d i n g  c o n s t a n t .  (See  
e q u a t i o n  5 - 8 . )  E x p e r i m e n t a l l y ,  t h e  i m m o b i l i z e d  c a l c e i n  i s  
i n s e r t e d  i n t o  a  s o l u t i o n  o f  m e t a l  i o n  q u e n c h e r .  F l u o r e s ­
c e n c e  i n t e n s i t y  i s  m e a s u r e d  a s  a  f u n c t i o n  o f  ad d ed  IDA.
The r e s u l t i n g  d a t a  s h o u l d  be s i m i l a r  t o  t h e  p l o t  shown i n  
F i g u r e  ^2A. F l u o r e s c e n c e  i n t e n s i t y  i n c r e a s e s  when 
s u f f i c i e n t  IDA i s  a d d e d  t o  p u l l  t h e  q u e n c h i n g  m e t a l  i o n  
away f rom  t h e  i m m o b i l i z e d  c a l c e i n .  At t h e  m i d p o i n t  i n  t h e  
c u r v e ,  ML = L and  f r o m  e x p r e s s i o n  5 - 8 ,  s i n c e  ML/L = 1:
K = l / c m 3 . 5 - H
The e q u i l i b r i u m  c o n s t a n t  c a n  be d e t e r m i n e d  f rom  t h e  
e x p e r i m e n t a l  p l o t  u s i n g  c a l c u l a t e d  v a l u e s  o f  cm and  3 a t  
t h e  h a l f  way p o i n t .  A l i n e a r  m ethod  o f  f i n d i n g  t h e  v a l u e  
o f  3 a t  t h e  h a l f  way p o i n t  c a n  a l s o  be u s e d  an d  i s  i l l u s ­













F i g u r e  ^2 :  A: P l o t  o f  t h e  e x p e c t e d  r e s u l t s  o f  c o m p e t i t i v e
b i n d i n g  e x p r e s s e d  a s  r e l a t i v e  f l u o r e s c e n c e  
i n t e n s i t y  a s  a  f u n c t i o n  o f  - l o g  3 .
B: A l i n e a r  m ethod  o f  f i n d i n g  3 a t  t h e  h a l f
way p o i n t  r e p r e s e n t e d  a s  - l o g  ML/L a s  a  
f u n c t i o n  o f  - l o g  3 • (See  e q u a t i o n  5 - 1 2 . )
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e q u a t i o n  5-6  a n d  t h e  e x p r e s s i o n  i s  r e a r r a n g e d ,  t h e  f o l l o w ­
i n g  e x p r e s s i o n  r e s u l t s :
- l o g  ML/L = - l o g  K - l o g  3 - l o g  c m 5 - 1 2
The r e l a t i v e  am o u n ts  o f  ML a n d  L a r e  m e a s u r e d  f ro m  t h e  p l o t .  
When - l o g  ML/L i s  p l o t t e d  v e r s u s  - l o g  3 a  s t r a i g h t  l i n e
s h o u l d  r e s u l t  and  t h e  x i n t e r c e p t  w i l l  he t h e  v a l u e  o f
- l o g  3 a t  t h e  h a l f  way p o i n t  s i n c e  - l o g  ML/L = 0 o r  
ML/L = 1.
E i t h e r  m ethod  c a n  be u s e d  t o  f i n d  t h e  v a l u e  o f  3 a t  
t h e  h a l f  way p o i n t .  Once t h i s  v a l u e  i s  f o u n d ,  K c a n  be 
c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  fo rm  o f  e q u a t i o n  5 - 1 2 :
l o g  K = - l o g  3 - l o g  c m . 5 -1 3
The e q u i l i b r i u m  c o n s t a n t  d e t e r m i n e d  i n  t h i s  way w i l l  s t i l l  
be a  c o n d i t i o n a l  c o n s t a n t ,  w h ic h  w i l l  d e p en d  on t h e  a c i d -  
b a s e  c h a r a c t e r i s t i c s  o f  i m m o b i l i z e d  c a l c e i n .
E x p e r i m e n t a l
R e a g e n t s
C a lc e in -W  ( i n d i c a t o r  g r a d e )  and  r e c o r c i n o l  were  
p u r c h a s e d  f rom  F i s h e r  S c i e n t i f i c .  C y a n u r i c  c h l o r i d e  and  
4 - n i t r o p h t h a l i c  a c i d  (80%, r e m a i n d e r  i s  3 - n i t r o p h t h a l i c  
a c i d )  w ere  p u r c h a s e d  f ro m  A l d r i c h .
A t t e m p t e d  S y n t h e s i s  o f  A m i n o c a l c e i n
P r e p a r a t i o n  o f  n i t r o f l u o r e s c e i n . The p r e p a r a t i o n  o f  
n i t r o f l u o r e s c e i n  was a c c o m p l i s h e d  by a  m o d i f i c a t i o n  o f  a
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p r e v i o u s  p r o c e d u r e  ( 4 3 , 4 4 ) .  E q u a l  m a s se s  ( 4 . 0 0  g) o f  
4 - n i t r o p h t h a l i c  a c i d  a nd  r e c o r c i n o l  were  m ixed  and  h e a t e d  
i n  a n  o i l  h a t h  a t  200°C f o r  2 h o u r s .  The d a r k  r e d - b r o w n  
mass  was c o o l e d  and  c h i p p e d  f rom  t h e  b e a k e r  and  mixed w i t h  
HG1 (63  mL, 0 . 6  N) and b o i l e d  f o r  1 h o u r .  The s o l u t i o n  was 
d e c a n t e d  and t h e  p r e c i p i t a t e  was washed  w i t h  t h r e e  12 mL 
p o r t i o n s  o f  h o t  0 . 6  N HC1 and  t h e n  f i l t e r e d  u s i n g  a  B u c h n e r  
f u n n e l .  The s o l i d  was d r i e d  i n  a  100°C o ven  f o r  1 h o u r  
y i e l d i n g  4 . 2 6  g ( 0 .0 1 1  m ol ,  60%> y i e l d )  o f  p r o d u c t .  E l e m e n t ­
a l  a n a l y s i s  ( C ,H ,N ) ,  m e l t i n g  p o i n t s ,  and a n  IR s p e c t r u m  o f  
t h e  p r o d u c t  w e re  o b t a i n e d .
A t t e m p t e d  p r e p a r a t i o n  o f  n i t r o c a l c e i n . P r e p a r a t i o n  o f  
n i t r o c a l c e i n  f ro m  n i t r o f l u o r e s c e i n  was a t t e m p t e d  by u s i n g  
a m o d i f i c a t i o n  o f  t h e  p r o c e d u r e  f o r  p r e p a r a t i o n  o f  c a l c e i n  
f ro m  f l u o r e s c e i n  ( 3 0 , 3 2 ) .  N i t r o f l u o r e s c e i n  (3*78  g) was 
d i s s o l v e d  i n  10 mL o f  9 5% e t h a n o l ,  3 mL 30%> NaOH (w /v)  , and  
3 mL d e i o n i z e d  w a t e r .  The m i x t u r e  was s t i r r e d  and  c h i l l e d  
t o  0°C i n  a  50 mL r o u n d  b o t to m  f l a s k  f i t t e d  w i t h  a  r e f l u x  
c o n d e n s e r .  I m i n o d i a c e t i c  a c i d  ( d i s o d i u m  s a l t ,  4 . 3 3  g) was 
d i s s o l v e d  i n  4 mL 30% NaOH and  4 mL d e i o n i z e d  w a t e r .  The 
i m i n o d i a c e t i c  a c i d  m i x t u r e  was a d d ed  t o  t h e  c h i l l e d  n i t r o ­
f l u o r e s c e i n  m i x t u r e .  The s o l u t i o n  was t h e n  c h i l l e d  t o  0 ° C . 
F o rm a ld e h y d e  ( 2 . 4 3  g, 37$) was a d d e d  d r o p w is e  w i t h  s t i r r i n g .  
The t e m p e r a t u r e  was s l o w l y  r a i s e d  t o  60-70°C and  k e p t  t h e r e  
f o r  6 h o u r s .  The m i x t u r e  was c o o l e d  t o  room t e m p e r a t u r e  
f o r  1 h o u r ,  d i l u t e d  t o  100 mL d e i o n i z e d  w a t e r .  The p r e ­
c i p i t a t e  was t h e n  h e a t e d  w i t h  60 mL 5Q%> e t h a n o l  and  s t i r r e d
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f o r  2 h o u r s  w h i l e  h e a t e d .  The s o l u t i o n  was f i l t e r e d  h o t  
and  t h e  r e d - o r a n g e  c r y s t a l s  w h ic h  fo rm ed  w ere  f i l t e r e d  on 
a  B u c h n e r  f u n n e l  and  a l l o w e d  t o  a i r  d r y .  E l e m e n t a l  a n a l y s i s  
( C ,H ,N ) ,  m e l t i n g  p o i n t s ,  and  a n  IR s p e c t r u m  o f  t h e  p r o d u c t  
w e re  o b t a i n e d .
A t t e m p t e d  r e d u c t i o n  o f  n i t r o f l u o r e s c e i n  t o  a m i n o f l u -  
o r e s c e i n . Two r e d u c t i o n  m e th o d s  (^ 3 )  were  u s e d  i n  a n  
a t t e m p t  t o  r e d u c e  n i t r o f l u o r e s c e i n  t o  f l u o r e s c e i n a m i n e  
w i t h  t h e  hope  t h a t  t h e  same p r o c e d u r e  c o u l d  be u s e d  t o  
r e d u c e  t h e  n i t r o c a l c e i n  p r o d u c t .  B e ca u se  t h e  n i t r o c a l e i n  
p r o d u c t  was a  m i x t u r e  o f  unknown c o m p o s i t i o n ,  t h e  r e d u c t i o n  
m e th o d s  were  n o t  u s e d  on  t h i s  p r o d u c t .  I n  t h e  f i r s t  p r o c e ­
d u r e  n i t r o f l u o r e s c e i n  ( 2 . 0  g) was r e f l u x e d  w i t h  100 mL 5fo 
s od ium  d i t h i o n i t e  f o r  Zk h o u r s .  The s o l u t i o n  t u r n e d  f rom  
o r a n g e  t o  d eep  r e d  a n d  was c o o l e d  t o  room t e m p e r a t u r e .  The 
s o l u t i o n  was a c i d i f i e d  w i t h  g l a c i a l  a c e t i c  a c i d  (5 mL) and 
a  d a r k  r e d  p r e c i p i t a t e  f o r m e d .  The p r e c i p i t a t e  was f i l t e r ­
ed on  a  g l a s s  f i l t e r  a nd  t h e n  r e f l u x e d  i n  6$  HC1 and  f i l t e r ­
ed h o t .  The s o l u t i o n  was c o o l e d  and  t h e n  r e h e a t e d  and  
a l l o w e d  to  c o o l  o v e r n i g h t .  A s m a l l  amount  o f  p r e c i p i t a t e  
d r o p p e d  o u t  o f  s o l u t i o n .  The s o l u t i o n  was r e h e a t e d  t o  
b o i l i n g ,  and  a l l o w e d  t o  c o o l .  The s o l u t i o n  was t h e n  a c i d ­
i f i e d  and  t h e n  NaOH was a d d e d  u n t i l  a  p r e c i p i t a t e  
f o r m e d .  The p r e c i p i t a t e  was f i l t e r e d  and  d r i e d  a t  room 
t e m p e r a t u r e .  A m e l t i n g  p o i n t  and  IR s p e c t r u m  o f  t h e  
p r o d u c t  were  o b t a i n e d .  T h i s  m a t e r i a l  was a l s o  i m m o b i l i z e d  
on c o n t r o l l e d  p o r e  g l a s s  a s  f l u o r e s c e i n a m i n e  was i n
C h a p t e r  I I I .
I n  t h e  s e c o n d  m e tho d  sod ium  s u l f i d e  ( N a g S . ^ g O ,  1 . 1 5  g) 
a nd  20 mL d e i o n i z e d  w a t e r  were  m ix e d  and  n i t r o f l u o r e s c e i n  
( 0 . 5  g) was a d d e d .  When t h e  n i t r o f l u o r e s c e i n  was d i s s o l v e d ,  
sodium s u l f h y d r a t e  (NaHS-xH^O, 0 . 5^  g) was a d d e d  and  t h e  
m i x t u r e  was r e f l u x e d  f o r  2^  h o u r s .  The m i x t u r e  was a l l o w e d  
t o  c o o l  and was a c i d i f i e d  w i t h  g l a c i a l  a c e t i c  a c i d .  The 
p r e c i p i t a t e  was f i l t e r e d  on  a  B u c h n e r  f u n n e l  a nd  t h e n  was 
d i s s o l v e d  i n  8 mL 6% h o t  HC1 and  f i l t e r e d  h o t  t h r o u g h  a  
g l a s s  f i l t e r .  The s o l u t i o n  was b o i l e d  a g a i n  an d  a l l o w e d  
to  c o o l .  P o t a s s i u m  h y d r o x i d e  (1 M) was a d d e d  and  a  p r e ­
c i p i t a t e  fo rm ed  which  was f i l t e r e d  and  d r i e d  a t  room tem p ­
e r a t u r e  .
A t t e m p t e d  S y n t h e s i s  o f  A m i n o c a l c e i n  on  C o n t r o l l e d  P o r e  G l a s s
B eca u se  o f  t h e  a p p a r e n t  f a i l u r e  o f  t h e  s y n t h e s i s  o f  
n i t r o c a l c e i n  w h ic h  made t h e  c o m p l e t i o n  o f  t h e  s y t h e s i s  o f  
a m i n o c a l c e i n  u n f e a s i b l e ,  a n d  t h e  e a s e  w i t h  w h ic h  f l u o r e s ­
c e i n a m i n e  c a n  be bound t o  c o n t r o l l e d  p o r e  g l a s s  ( s e e  
C h a p t e r  I I I )  t h e  r e a c t i o n  o f  f l u o r e s c e i n a m i n e  i m m o b i l i z e d  
on g l a s s  w i t h  i m i n o d i a c e t i c  a c i d  was a t t e m p t e d  i n  o r d e r  t o  
p r o d u c e  a m i n o c a l c e i n  on  g l a s s .
F l u o r e s c e i n a m i n e  i m m o b i l i z e d  on  g l a s s  (10 mg) was 
a d d e d  t o  a  s o l u t i o n  o f  i m i n o d i a c e t i c  a c i d  ( d i s o d i u m  s a l t ,  
d i h y d r a t e ,  2 . 0  g) i n  d e i o n i z e d  w a t e r  (25 mL) and  65$  
e t h a n o l  (20 mL). The m i x t u r e  was c h i l l e d  t o  4°C and 
f o r m a l d e h y d e  ( 1 . 5  mL) was add ed  d r o p w i s e .  The t e m p e r a t u r e  
o f  t h e  s o l u t i o n  was i n c r e a s e d  to  70°C f o r  2 h o u r s .  The
10 4
s o l u t i o n  was c o o l e d  a nd  t h e  g l a s s  was f i l t e r e d ,  washed w i t h  
100 mL o f  d e i o n i z e d  w a t e r ,  and  d r i e d  by  s u c t i o n .  To t e s t  
t h e  c h e l a t i n g  a b i l i t y  o f  t h e  p r o d u c t ,  i t s  f l u o r e s c e n c e  was 
o b s e r v e d  u n d e r  UV l i g h t  w i t h  and  w i t h o u t  C d ( I I )  and  C o ( I I )  
a t  pH 12.
I m m o b i l i z a t i o n  o f  C a lc e in - W  on C e l l u l o s e
C a lc e in -W  was i m m o b i l i z e d  on  p ow d e red  c e l l u l o s e  u s i n g  
c y a n u r i c  c h l o r i d e  u s i n g  t h e  same p r o c e d u r e  a s  f o r  f l u o r e s ­
c e i n a m i n e  and  m o r in  ( C h a p t e r s  I I I  and  IV ) .  The c o n c e n t r a ­
t i o n  o f  t h e  c a l c e i n  s o a k i n g  s o l u t i o n  was 0 . 0 5 8 3  g/ 2 0  mL 
a c e t o n e .
D e t e r m i n a t i o n  o f  Amount o f  C a l c e i n  Bound
C a l c e i n  was s t r i p p e d  f ro m  t h e  c e l l u l o s e  w i t h  K0H (1 M) 
and  t h e  a b s o r b a n c e  m e a s u r e d  u s i n g  s p e c t r o p h o t o m e t r y  f o l ­
l o w i n g  t h e  p r o c e d u r e  u s e d  f o r  m o r in  ( C h a p t e r  I V ) .  S t a n d ­
a r d s  r a n g i n g  f r o m  3*2^ x 10” ^ t o  1 .0 8  x 10 ^ M c a l c e i n  i n  
1 M K0H were  made by d i l u t i n g  a m o u n ts  o f  c a l c e i n  s t o c k  
s o l u t i o n  ( 2 . 7  x 10~^ M e t h a n o l - w a t e r ) i n  25 mL v o l u m e t r i c  
f l a s k s  w i t h  1 M K0H. W eighed  a m o u n ts  o f  t h e  i m m o b i l i z e d  
c a l c e i n  ( 0 .0 1 2 7  a n d  0 . 0 1 2 7  g) were  so a k e d  i n  1 I  K0H f o r  
2-g- h o u r s .  S t a n d a r d s  and  s a m p le s  r e m a in e d  i n  c o n t a c t  w i t h  
K0H f o r  c o m p a r a b l e  am o u n ts  o f  t im e  a s  t h e  c a l c e i n  a b s o r b a n c e  
d e g r a d e s  w i t h  t im e  i n  s t r o n g  b a s e  ( 3 8 ) .  The a b s o r b a n c e  
was m e a s u r e d  a t  500 nm.
F l u o r e s c e n c e  S p e c t r a
I n  o r d e r  t o  d e t e r m i n e  t h e  e x c i t a t i o n  a nd  e m i s s i o n
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maxima, f l u o r e s c e n c e  e x c i t a t i o n  and  e m i s s i o n  s p e c t r a  w ere  
m e a s u r e d  f o r  c a l c e i n  i n  s o l u t i o n  on t h e  P e r k i n  E lm er  20k  
s p e c t r o f l u o r o m e t e r  a t  l o w ,  n e u t r a l ,  an d  h i g h  pH.
F l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  were  m e a s u r e d  f o r  t h e  
i m m o b i l i z e d  c a l c e i n  on t h e  o p t i c  s u r f a c e  by u s i n g  t h e  SLM 
s p e c t r o f l u o r o m e t e r .  The r a t i o  mode was u s e d  i n  r e c o r d i n g  
t h e  s p e c t r a .  The e m i s s i o n  w a v e l e n g t h  was s e l e c t e d  w i t h  a n  
i n t e r f e r e n c e  f i l t e r  w i t h  maximum t r a n s m i t t a n c e  a t  520 nm. 
S p e c t r a  were  m e a s u r e d  a t  pH 1 . 2 6 ,  3 *63 .  5*20 ,  an d  7*16 
u s i n g  0 . 1  M a c e t a t e  b u f f e r s  and T r i s  b u f f e r s ,  r e s p e c t i v e l y ,  
t o  c o n t r o l  pH. S p e c t r a  w e re  m e a s u r e d  f o r  c a l c e i n  i n  s o l u ­
t i o n  f o r  c o m p a r i s o n  a t  t h e  same pH v a l u e s  a s  w e l l  a s  a t  
pH 9*11* 11 .27» a n d  1 2 .6 1  by u s i n g  0 . 1  M b o r a t e  b u f f e r ,  
p h o s p h a t e  b u f f e r ,  and  K0H, r e s p e c t i v e l y ,  t o  c o n t r o l  pH.
R e s p o n s e  t o  M e t a l s
The r e s p o n s e  t o  C u ( I l ) ,  C o ( I I ) ,  and  N i ( I I )  was d e t e r ­
m ined  f o r  i m m o b i l i z e d  c a l c e i n  i n  s o l u t i o n  a t  pH 5*2 and  7*0 
( 0 . 1  M a c e t a t e  and  T r i s  b u f f e r s ,  r e s p e c t i v e l y )  u s i n g  t h e  
SLM s p e c t r o f l u o r o m e t e r .  The r a t i o  mode was u s e d  to  
c o m p e n s a te  f o r  d r i f t  i n  s o u r c e  i n t e n s i t y .  The e x c i t a t i o n  
w a v e l e n g t h  u s e d  was ^85 nm. The e m i s s i o n  w a v e l e n g t h  was 
s e l e c t e d  u s i n g  a n  i n t e r f e r e n c e  f i l t e r  w i t h  maximum t r a n s ­
m i t t a n c e  a t  520 nm f o r  t h e  i m m o b i l i z e d  c a l c e i n .  A l o n g  
p a s s  f i l t e r  w i t h  maximum t r a n s m i t t a n c e  a t  590  nm ( 87$)»
1$  t r a n s m i t t a n c e  a t  500  nm, and  80$  t r a n s m i t t a n c e  a t  533  nm 
was u s e d  f o r  s o l u t i o n  m e a s u r e m e n t s .  The m on o ch ro m a to r  
s l i t  w i d t h  was s e t  a t  8 nm f o r  t h e  i m m o b i l i z e d  c a l c e i n  and
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2 nm f o r  c a l c e i n  i n  s o l u t i o n .  M e a s u re m e n t s  w ere  made on  
i m m o b i l i z e d  c a l c e i n  (1 mg) a s  t h e  o p t i c  was im m ersed  i n  
b u f f e r  s o l u t i o n  (15 mL) a n d  m i c r o l i t e r  am o un ts  o f  C u ( I I )  
s u l f a t e  ( 0 .0 0 1 1 5  M ), C o ( I I )  n i t r a t e  ( 0 .0 0 1 1 3  M), and  N i ( I I )  
n i t r a t e  ( 0 .0 0 1 5 0  M) w ere  a d d e d .  S o l u t i o n  m e a s u r e m e n ts  were  
made by  a d d i n g  m i c r o l i t e r  a m ou n ts  o f  t h e  m e t a l  s o l u t i o n s  
t o  c a l c e i n  ( 6 . 6  x  10-  M) i n  b u f f e r  (3*5 mL) i n  a  c u v e t t e .
The r e s p o n s e  o f  i m m o b i l i z e d  c a l c e i n  a s  a n  i n d i r e c t  
s e n s o r  f o r  Z n ( I I )  was t e s t e d  by a d d i n g  C o ( I I )  n i t r a t e  
( 2 5 ju L ,  0 .1 1 3  M) t o  i m m o b i l i z e d  c a l c e i n  i n  15 mL T r i s  
b u f f e r  ( 0 . 1  M) a t  pH 7 . 0 6 . F l u o r e s c e n c e  i n t e n s i t y  was 
m e a s u r e d  a s  m i c r o l i t e r  a m o u n ts  o f  Z n ( I I )  c h l o r i d e  ( 0 .0 1 0 1  
M) w ere  a d d e d .  The f i b e r  o p t i c  f l u o r o m e t e r  was u s e d  f o r  
t h i s  s t u d y .  The e x c i t a t i o n  and  e m i s s i o n  w a v e l e n g t h s  w ere  
s e l e c t e d  u s i n g  i n t e r f e r e n c e  f i l t e r s  w i t h  maximum t r a n s ­
m i t t a n c e  a t  488 nm and  520  nm, r e s p e c t i v e l y .
D e t e r m i n a t i o n  o f  B i n d i n g  C o n s t a n t s
The c o n s t a n t s  f o r  C u ( I I ) ,  C o ( I I ) ,  and  N i ( I I )  b i n d i n g  
t o  b o t h  i m m o b i l i z e d  a n d  d i s s o l v e d  c a l c e i n  were  d e t e r m i n e d  
by c o m p e t i t i v e  b i n d i n g  u s i n g  t h e  SLM s p e c t r o f l u o r o m e t e r .
The e x c i t a t i o n  and  e m i s s i o n  w a v e l e n g t h s  and  o t h e r  i n s t r u ­
m e n t a l  p a r a m e t e r s  w ere  t h e  same a s  i n  t h e  r e s p o n s e  e x p e r i ­
m en ts  d e s c r i b e d  p r e v i o u s l y .  F l u o r e s c e n c e  o f  i m m o b i l i z e d  
c a l c e i n  on t h e  o p t i c  s u r f a c e  was m e a s u r e d  w i t h  t h e  o p t i c  
im m ersed  i n  15 mL o f  b u f f e r  c o n t a i n i n g  a  known c o n c e n t r a t i o n  
o f  t h e  m e t a l ,  t y p i c a l l y  on t h e  o r d e r  o f  10~^ M. Then 
s t o c k  i m i n o d i a c e t i c  a c i d  s o l u t i o n  ( 0 .3 0 0  M a t  t h e  same pH
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a s  t h e  b u f f e r )  was a d d e d  i n  m i c r o l i t e r  a m o u n ts  a n d  f l u o r e s ­
c e n c e  i n t e n s i t y  was m e a s u r e d  a f t e r  t h e  r e s p o n s e  became 
c o n s t a n t .  S o l u t i o n  m e a s u r e m e n ts  were  made u s i n g  c a l c e i n
_/T
( 3 . 3 4  x  10” M) i n  3*5 mL o f  b u f f e r  s o l u t i o n  i n  a  c u v e t t e  
i n  t h e  p r e s e n c e  o f  m e t a l  i o n .  M i c r o l i t e r  a m o un ts  o f  i m i n o ­
d i a c e t i c  a c i d  were  t h e n  a d d e d .
I m m o b i l i z e d  C a l c e i n  a s  a n  E n d p o i n t  D e t e c t o r
The u s e  o f  i m m o b i l i z e d  c a l c e i n  a s  a n  e n d p o i n t  d e t e c t o r  
i n  t h e  EDTA t i t r a t i o n  o f  C u ( I I )  was i l l u s t r a t e d  by im m e rs in g  
t h e  o p t i c  w i t h  i m m o b i l i z e d  c a l c e i n  i n t o  a  b u f f e r  ( 0 . 1  M 
T r i s ,  pH 7» 15 *nL) c o n t a i n i n g  C u ( I I )  (5*75  x 10 - ^ m o l ) .  
F l u o r e s c e n c e  m e a s u r e m e n ts  were  made u s i n g  t h e  SLM s p e c t r o -  
f l u o r o m e t e r  a s  EDTA ( 0 . 1 6  M, pH ? , 0 )  was a d d e d  i n  m i c r o l i t e r  
a m o u n t s .  The e x c i t a t i o n  and  e m i s s i o n  w a v e l e n g t h s  w ere  s e t  
a s  i n  t h e  p r e v i o u s  e x p e r i m e n t s  a n d  t h e  r a t i o  mode was u s e d .  
F l u o r e s c e n c e  was m e a s u r e d  a s  a f u n c t i o n  o f  volume o f  t i t r a n t  
a d d e d .
R e s u l t s  and  D i s c u s s i o n
A t t e m p t e d  S y n t h e s i s  o f  A m i n o c a l c e i n
D u r i n g  t h e  a t t e m p t e d  s y n t h e s i s  o f  a m i n o c a l c e i n ,  i t  
was fo u n d  t h a t  C a l c e i n - W ,  w h ich  was a v a i l a b l e  c o m m e r c i a l l y ,  
c o u l d  be bound t o  p o w d e re d  c e l l u l o s e  v i a  c y a n u r i c  c h l o r i d e .  
C o n s e q u e n t l y ,  t h e r e  was no n e e d  t o  c o n t i n u e  w i t h  t h e  
p r e p a r a t i o n  o f  a m i n o c a l c e i n .  A l t h o u g h  t h e  s y n t h e s i s  was 
n o t  p u r s u e d  t o  c o m p l e t i o n ,  t h e  s y n t h e s i s  o f  a m i n o c a l c e i n  
was n o t  a  c o m p l e t e  f a i l u r e .
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The f i r s t  s t e p  o f  t h e  s y n t h e s i s ,  p r e p a r a t i o n  o f  n i t r o -  
f l u o r e s c e i n ,  d i d  s u c c e e d  a s  r e s u l t s  o f  e l e m e n t a l  a n a l y s i s  
an d  IR s p e c t r a  show. E l e m e n t a l  a n a l y s i s  o b t a i n e d  was 
5 9 . 2 0  foC, 3 . 7 5  and  2 . 8 5  a s  com pared  w i t h  t h e  t h e o ­
r e t i c a l  6 3 . 6 6  foC, 3 .7 1  #N, and  2 . 9 3  (C200 7H11N1 ) . The
p r o d u c t  d i d  n o t  m e l t  up t o  330° C , b u t  d a r k e n e d  u p on  h e a t i n g .  
A c c o r d i n g  t o  t h e  l i t e r a t u r e ,  n i t r o f l u o r e s c e i n  d o e s  n o t  m e l t  
up t o  350°C and  d a r k e n s  (^<4) . The IR s p e c t r u m  o f  t h e  p r o d ­
u c t  d i f f e r e d  c o n s i d e r a b l y  f ro m  t h e  IR s p e c t r u m  o f  t h e  s t a r t ­
i n g  m a t e r i a l s  a n d  a f t e r  r e d u c t i o n  was a l m o s t  i d e n t i c a l  t o  
t h a t  o f  f l u o r e s c e i n a m i n e . The s p e c t r u m  o f  t h e  p r o d u c t  
a f t e r  r e d u c t i o n  i s  shown i n  F i g u r e  ^3 . ( F o r  s p e c t r a  o f  
s t a r t i n g  m a t e r i a l s  and  f l u o r e s c e i n a m i n e  s e e  S a d t l e r  S p e c t r a
( 4-5 ) . )
The p r o d u c t  o f  t h e  s e c o n d  s t e p  d i f f e r s  f ro m  n i t r o ­
f l u o r e s c e i n ,  b u t  i t  i s  n o t  c o n c l u s i v e l y  n i t r o c a l c e i n .  The 
IR s p e c t r u m  o f  t h e  p r o d u c t  i s  shown i n  F i g u r e  ^<4. E l e m e n t a l  
a n a l y s i s  shows t h a t  t h e  p r o d u c t  i s  n o t  n i t r o f l u o r e s c e i n ,  
b u t  n o t  p u r e  c a l c e i n  a s  t h e  c o m p o s i t i o n  d i f f e r s  f ro m  w ha t  
i s  p r e d i c t e d  f o r  p u r e  c a l c e i n  (Found :  6 2 . ^ 3  , ^ . 0 0  $N,
3 . 1 3  foK; t h e o r e t i c a l :  5 3 -8 1  f°C, 6 . 2 8  foN, H-.Ok %K-, C ^ q O ^ -
• I t  a p p e a r s  t h a t  t h e  p r o d u c t  i s  n o t  one  p u r e  com­
p o u n d ,  b u t  a  m i x t u r e .  T h i s  c o u l d  h a v e  b e e n  c h e c k e d  w i t h  
HPLC o r  TLC i f  t h e  s y n t h e s i s  was t o  be c a r r i e d  f u r t h e r .
The a p p a r e n t  r e a s o n  t h a t  a  m i x t u r e  was o b t a i n e d  i s  t h a t  t h e  
r e a c t i o n  d i d  n o t  go t o  c o m p l e t i o n ,  r e s u l t i n g  i n  some n i t r o ­
f l u o r e s c e i n  w i t h  no i m i n o d i a c e t a t e  g r o u p s ,  some w i t h  one
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F i g u r e  44:  IR s p e c t r u m  o f  t h e  p r o d u c t  o f  t h e  r e a c t i o n  o f  n i t r o f l u o r e s c e i n
c o n d e n s e d  w i t h  i m i n o d i a c e t i c  a c i d  and  f o r m a l d e h y d e .
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I l l
i m i n o d i a c e t a t e  g r o u p ,  and  some w i t h  two i m i n o d i a c e t a t e  
g r o u p s .
B e ca u se  t h e  p r o d u c t  f r o m  s t e p  two was e v i d e n t l y  a  
m i x t u r e ,  t h e  s y n t h e s i s  was n o t  c a r r i e d  f u r t h e r  u s i n g  t h i s  
p r o d u c t .  Two r e d u c t i o n  m e th o d s  ( u s i n g  sod ium  d i t h i o n i t e  
o r  sod ium  s u l f h y d r a t e )  w ere  a p p l i e d  t o  n i t r o f l u o r e s c e i n  t o  
p r o d u c e  f l u o r e s c e i n a m i n e  i n  o r d e r  t h a t  a  p r o c e d u r e  s u i t a b l e  
f o r  n i t r o c a l c e i n  be  f o u n d .  The f i r s t  m e th o d ,  i n  w h ich  
d i t h i o n i t e  was u s e d ,  a p p e a r e d  t o  be a  s u c c e s s  a s  t h e  p r o d u c t  
h a s  a n  IR s p e c t r u m  s i m i l a r  t o  t h a t  o f  t h e  e x p e c t e d  p r o d u c t ,  
f l u o r e s c e i n a m i n e .  (S ee  F i g u r e  ^3*)  The m e l t i n g  p o i n t  o f  
t h e  p r o d u c t  was 210-220°C  ( d e c o m p o se s )  a s  com pared  w i t h  t h e  
l i t e r a t u r e  m e l t i n g  p o i n t s  223°C (d e c o m p o se s ,  I s o m e r  I ) ,
285°C ( I s o m e r  I I )  ( ^ 0 ) .  The p r o d u c t  was a l s o  s u c c e s s f u l l y  
i m m o b i l i z e d  on c o n t r o l l e d  p o r e  g l a s s .  The s u c c e s s  o f  t h e  
s e c o n d  m ethod  was n o t  d e t e r m i n e d .
The p r o d u c t  o f  t h e  s y n t h e s i s  o f  a m i n o c a l c e i n  i m m o b i l i z ­
ed on c o n t r o l l e d  p o r e  g l a s s  f ro m  i m m o b i l i z e d  f l u o r e s c e i n ­
amine was f l u o r e s c e n t  when o b s e r v e d  u n d e r  UY l i g h t  and  
r e m a in e d  f l u o r e s c e n t  a t  pH 12 .  When C a ( I I )  was a d d e d  t h e  
p r o d u c t  r e m a in e d  f l u o r e s c e n t ,  b u t  no i n c r e a s e  i n  f l u o r e s ­
c e n c e  was n o t e d .  The f l u o r e s c e n c e  o f  t h e  p r o d u c t  was 
quenched* by C o ( I I ) .  From t h e s e  t e s t s ,  t h e  p r o d u c t  d i d  n o t  
a p p e a r  t o  be i m m o b i l i z e d  c a l c e i n ,  s i n c e  c a l c e i n  s h o u l d  be 
n o n f l u o r e s c e n t  a t  h i g h  pH a n d  f l u o r e s c e n c e  s h o u l d  i n c r e a s e  
when c a l c i u m  i s  a d d e d .  A n o t h e r  e x p l a n a t i o n  i s  t h a t  immo­
b i l i z a t i o n  c h a n g e s  t h e  p r o p e r t i e s  o f  c a l c e i n .  C a l c e i n
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s h o u l d  he q u e n c h e d  hy c o m p l e x a t i o n  w i t h  C o ( I I ) ,  b u t  t h e  
q u e n c h i n g  e f f e c t  o f  C o ( I I )  d o e s  n o t  p r o v e  c a l c e i n  was 
p r o d u c e d  b e c a u s e  C o ( I I )  w ou ld  a l s o  q u e n c h  t h e  f l u o r e s c e n c e  
o f  f l u o r e s c e i n a m i n e  t o  some e x t e n t .
R e s p o n s e  t o  M e t a l s
The effect of Cu(II), Co(II), and Ni(II) on the 
fluorescence of immobilized calcein at pH 5 and 7 is shown 
in Figure 45. All three metals quench the fluorescence of 
the immobilized calcein as expected. At pH 7 the fluores­
cence intensity is higher than at pH 5. which is expected 
because the fluorescence intensity increases with pH as 
shown in Figure 46 (37). For all three metals at pH 7» 
the relative quenching is greater than at pH 5- This is 
probably due to the fact that the conditional binding 
constant is larger at higher pH. The response curves for 
the three metals differ both in the amount.of curvature and 
in the amount of residual flourescence at high metal concen­
tration.
Calcein in solution behaves in a similar manner as 
shown in Figure 47. However, in solution the signal drops 
off to a negligible value: with immobilized calcein sig­
nificant residual signal remains when metal ion is in ex­
cess. This signal is most likely due to light scattered 
and reflected off the support since the excitation and 
emission wavelengths are fairly close together. (See 
Chapter I I I . ) Residual fluorescence of the complex may 































































F i g u r e  ^5* R e sp o n se  o f  i m m o b i l i z e d  c a l c e i n  a s  a  f u n c t i o n  
o f  A) G u ( I I ) ,  B) C o ( I l ) ,  and  C) N i ( I I )  c o n c e n ­
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F i g u r e  ^6:  V a r i a t i o n  o f  f l u o r e s c e n c e  o f  f r e e  c a l c e i n  w i t h
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F i g u r e  ^7 :  R e sp o n se  o f  d i s s o l v e d  c a l c e i n  a s  a  f u n c t i o n  o f
A) C u ( I I ) ,  B) C o ( I I ) ,  and  C) N i ( I I )  c o n c e n t r a ­
t i o n  a t  pH 5 A )  and  pH 7 ( □ ) .
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EDTA, f l u o r e s c e n c e  i s  r e s t o r e d .  However ,  i t  d o e s  n o t  c h an g e  
when t h e  s e n s o r  i s  p l a c e d  i n  a  f r e s h  b u f f e r ,  i n d i c a t i n g  t h a t  
s t r o n g  c o m p le x e s  a r e  f o r m e d .
I f  i m m o b i l i z e d  c a l c e i n  were  t o  be u s e d  a s  a  s e n s o r ,  t h e  
r a n g e  would  be. l i m i t e d  a s  s e e n  i n  F i g u r e  4 5 .  The r a p i d  
d e c r e a s e  i n  i n t e n s i t y  w i t h  ad d ed  m e t a l  i n d i c a t e s  t h a t  t h e  
b i n d i n g  c o n s t a n t s  f o r  t h e  c o m p le x e s  fo rm ed  a r e  r e l a t i v e l y  
l a r g e .  A more q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  b i n d i n g  
c o n s t a n t s  f o l l o w s .
D e t e r m i n a t i o n  o f  B i n d i n g  C o n s t a n t s
The f l u o r e s c e n c e  i n t e n s i t i e s  o b t a i n e d  a n d  m e t a l  i o n  
c o n c e n t r a t i o n s  a r e  p l o t t e d  i n  t h e  fo rm  o f  t h e  l i n e a r  model  
u s i n g  d a t a  f o r  C u ( I I )  i n  F i g u r e  4 8 .  (See  e q u a t i o n  5 - 7 * )
The o b v i o u s  l a c k  o f  f i t  i n d i c a t e s  t h a t  t h e  m odel  i s  n o t  
a d e q u a t e  t o  d e s c r i b e  t h i s  s y s t e m .  The p r o b a b l e  e x p l a n a ­
t i o n  i s  t h a t  t h e  a s s u m p t i o n  t h a t  t h e  i n s e r t i o n  o f  t h e  
s e n s o r  d o e s  n o t  s i g n i f i c a n t l y  a f f e c t  c o n c e n t r a t i o n  o f  
m e t a l  i o n  i n  s o l u t i o n  i s  n o t  v a l i d .  T h i s  c o n f i r m s  t h a t  
t h e  b i n d i n g  c o n s t a n t s  a r e  r e l a t i v e l y  l a r g e  and  c a n  n o t  be 
d e t e r m i n e d  by t h i s  m eth o d .
R e p r e s e n t a t i v e  r e s u l t s  f o r  t h e  c o m p e t i t i v e  b i n d i n g  
e x p e r i m e n t s  t o  d e t e r m i n e  t h e  c o n s t a n t s  f o r  C u ( I I ) ,  C o ( I I ) ,  
a nd  N i ( I I )  b i n d i n g  to  i m m o b i l i z e d  c a l c e i n  a t  pH 5 and  7 
a r e  shown i n  F i g u r e  4 9 .  S i m i l a r  r e s u l t s  f o r  c a l c e i n  i n  
s o l u t i o n  a r e  shown i n  F i g u r e  50 .  The c o n s t a n t s  w h ich  were  
c a l c u l a t e d  f ro m  t h e  c u r v e s  u s i n g  e q u a t i o n  5 “ 15 a r e  l i s t e d  
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F i g u r e  ^8 :  A p l o t  o f  t h e  r e c i p r o c a l  o f  t h e  r e l a t i v e
f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f  C u ( I I )  
c o n c e n t r a t i o n  a t  pH 7 t o  t e s t  t h e  t h e o r e t i c a l  
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F i g u r e  49:  A p l o t  o f  r e p r e s e n a t i v e  r e s u l t s  show ing
r e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  a  
f u n c t i o n  o f  -T o g  g f o r  i m m o b i l i z e d  c a l c e i n  
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F i g u r e  50* A p l o t  o f  r e p r e s e n t a t i v e  r e s u l t s  show ing
r e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  
o f  - l o g  $ f o r  d i s s o l v e d  c a l c e i n  i n  t h e  
p r e s e n c e  o f  C o ( I I )  a t  pH 7.
1 2 0
Table 6:
V a l u e s  f o r  t h e  C o n d i t i o n a l  B i n d i n g  C o n s t a n t s  f o r  I m m o b i l i z e d  
a nd  D i s s o l v e d  C a l c e i n  ( E x p r e s s e d  a s  l o g 1Q K) .
M e t a l  I m m o b i l i z e d  C a l c e i n  D i s s o l v e d  C a l c e i n
________________pH 6 .1 5  pH 6 . 9 5 _______ pH 5 .1 5________ p H 6 . 9 5
C u ( I I )  9 . 4  1 2 . 4  9 . 2  1 2 . 3
C o ( I I )  5 - 9  8 . 0  5 -5 *  8 .2 *
N i ( I I )  6 . 6  1 1 .1  6 . 2  9 - 5
*pH 5*05 and  7 . 0 5 .  r e s p e c t i v e l y
1 2 1
c o n s t a n t s  f o r  i m m o b i l i z e d  c a l c e i n  i s  due t o  e x p e r i m e n t a l  
p r o b l e m s  such  a s  t h e  d i f f i c u l t y  w i t h  k e e p i n g  t h e  pH c o n ­
s t a n t .  A s l i g h t  c h a n g e  i n  pH c a n  s l i g h t l y  c h a n g e  t h e  
f l u o r e s c e n c e  i n t e n s i t y .  A n o t h e r  p r o b l e m  i s  t h e  l a r g e  
amount  o f  IDA n e e d e d  t o  o b t a i n  a n  i n c r e a s e  i n  f l u o r e s c e n c e  
t o  a  l e v e l  r e s p o n s e .  T h e r e  i s  u n c e r t a i n t y  i n  d e t e r m i n i n g  
t h e  m i d p o i n t  o f  t h e  c u r v e  f ro m  t h e  g r a p h .  The l i n e a r  
m ethod  o f  f i n d i n g  t h e  m i d p o i n t  was t r i e d  a n d  makes t h e  
d e t e r m i n a t i o n  e a s i e r ,  b u t  t h e  u n c e r t a i n t y  r e m a i n s .
As i s  e v i d e n t  by t h e  r e s u l t s  i n  T a b le  6, t h e  c o n s t a n t s  
a r e  l a r g e  enough  so t h a t  i m m o b i l i z e d  c a l c e i n  d o e s  n o t  
f u n c t i o n  a s  a  t r u e  s e n s o r .  The c o n s t a n t s  f o r  c o m p le x e s  
fo rm ed  by i m m o b i l i z e d  c a l c e i n  a r e  t h e  same m a g n i t u d e  a s  
t h o s e  f o r  c a l c e i n  i n  s o l u t i o n .  T h i s  i n d i c a t e s  t h a t  t h e  
c o m p le x e s  fo rm e d  a r e  o f  t h e  same t y p e .  The m a g n i t u d e  o f  
t h e  b i n d i n g  c o n s t a n t s  s u g g e s t  t h e  f o r m a t i o n  o f  c h e l a t e s  
o f  t h e  same t y p e  a s  t h o s e  fo rm ed  by IDA. IDA fo rm s  s t r o n g  
t r i d e n t a t e  c h e l a t e s  w i t h  t h e s e  m e t a l s  ( ^ 6 ) .  C a l c e i n  m o s t  
l i k e l y  fo rm s  t r i d e n t a t e  c h e l a t e s  w i t h  t h e s e  m e t a l s ,  w i t h  
t h e  p o s s i b i l i t y  o f  t e r d e n t a t e  c h e l a t e s .  T e r d e n t a t e  
c h e l a t e s  would  c o n s i s t  o f  a n  i m i n o d i a c e t a t e  g r o u p  and  a  
p h e n o l i c  o x ygen  on t h e  r i n g .  The p h e n o l i c  o x y gen  would  
be one n o t  t i e d  up i n  t h e  i m m o b i l i z a t i o n  p r o c e d u r e .
A l t h o u g h  i m m o b i l i z e d  c a l c e i n  c a n  n o t  be u s e d  a s  a  
t r u e  s e n s o r ,  i t  c a n  be u s e d  i n  o t h e r  a p p l i c a t i o n s  s u c h  a s  
e n d p o i n t  d e t e c t i o n  i n  t i t r a t i o n s  o f  m e t a l  i o n s  (w h ich  w i l l  
be d i s c u s s e d  l a t e r )  o r  a s  a  c h e l a t i n g  r e s i n .  The b i n d i n g
1 2 2
c o n s t a n t s  f o r  c a l c e i n - m e t a l  c o m p le x e s  a r e  o f  t h e  same 
m a g n i t u d e  a s  t h o s e  f o r  C h e l e x - 1 0 0  ( ^ 6 ) .  To be u s e f u l  a s  
a  c h e l a t i n g  r e s i n  a  s u b s t a n c e  m us t  h a v e  l a r g e  b i n d i n g  
c o n s t a n t s .  An a d v a n t a g e  f o r  i m m o b i l i z e d  c a l c e i n  r e l a t i v e  
t o  C h e le x - 1 0 0  i s  t h a t  c a l c e i n  w i l l  l o s e ,  f l u o r e s c e n c e  when 
s a t u r a t e d  w i t h  m e t a l .
D e t e r m i n a t i o n  o f  Amount o f  C a l c e i n  Bound
The num ber  o f  i m m o b i l i z e d  c a l c e i n  m o l e c u l e s / g r a m  o f
-6c e l l u l o s e  i s  6 . 1  x  10” a s  d e t e r m i n e d  by s p e c t r o p h o t o m e t r y .
The a b s o r p t i o n  s p e c t r a  f o r  c a l c e i n  and  t h e  p r o d u c t  s t r i p p e d
f ro m  t h e  c e l l u l o s e  a r e  a p p a r e n t l y  i d e n t i c a l  a n d  a r e  shown
i n  F i g u r e  51- The c a l i b r a t i o n  c u r v e  i s  shown i n  F i g u r e  52.
S i n c e  1 mg o f  c e l l u l o s e  was t y p i c a l l y  u s e d  f o r  f l u o r e s c e n c e
—8m e a s u r e m e n t s ,  t h i s  r e p r e s e n t s  6 . 1  x 10 mole  o f  c a l c e i n  on 
t h e  o p t i c  s u r f a c e  when m e a s u r e m e n ts  were  made.
E x c i t a t i o n  S p e c t r a
The e x c i t a t i o n  s p e c t r a  o f  i m m o b i l i z e d  c a l c e i n  a t  
v a r i o u s  pH v a l u e s  a r e  shown i n  F i g u r e  53 and  a r e  s i m i l a r  to  
t h e  s p e c t r a  f o r  c a l c e i n  i n  s o l u t i o n  i n  F i g u r e  5^* The 
s p e c t r u m  o f  t h e  i m m o b i l i z e d  c a l c e i n  c h a n g e s  w i t h  pH i n  t h e  
same m anner  a s  i n  s o l u t i o n .  The d i f f e r e n c e s  b e tw e e n  t h e  
s p e c t r a  o f  t h e  i m m o b i l i z e d  c a l c e i n  r e l a t i v e  t o  c a l c e i n  i n  
s o l u t i o n  a r e  t h a t  t h e  s p e c t r a  f o r  i m m o b i l i z e d  c a l c e i n  show 
a  b r o a d e n i n g  a n d  a  s l i g h t  r e d  s h i f t  i n  e x c i t a t i o n  maxima. 
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F i g u r e  51:  A b s o r b a n c e  s p e c t r a  ( i n  1 M KOH) f o r  c a l c e i n  (A)
and  f o r  c a l c e i n  s t r i p p e d  f ro m  c e l l u l o s e  (B ) .  
(A b s o r b a n c e  i s  i n  a r b i t r a r y  u n i t s  and  t h e  
s p e c t r a  a r e  p l a c e d  abo v e  e a c h  o t h e r  f o r  
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F i g u r e  52s A p l o t  o f  a b s o r b a n c e  a s  a  f u n c t i o n  o f  c a l c e i n  
c o n c e n t r a t i o n  f o r  d e t e r m i n a t i o n  o f  amount o f  
c a l c e i n  s t r i p p e d  f ro m  c e l l u l o s e .  E x p e r i m e n t a l  
p o i n t s  f o r  s t a n d a r d s  (* )  a r e  shown a l o n g  w i t h  
t h e  Y p r e d i c t e d  p o i n t s  f o r  t h e  s a m p le s  and  t h e  
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F i g u r e  53s E x c i t a t i o n  s p e c t r a  ( c o r r e c t e d  f o r  v a r i a t i o n s _i n  
s o u r c e  i n t e n s i t y  w i t h  w a v e l e n g t h )  o f  i m m o b i l i z e d  
c a l c e i n  a t  pH 1 .2 6  (A) » pH 3- 63 (□) > pH 5»20 
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F i g u r e  5 ^ ’ E x c i t a t i o n  s p e c t r a  ( c o r r e c t e d  f o r  v a r i a t i o n s  
i n  s o u r c e  i n t e n s i t y  w i t h  w a v e l e n g t h )  f o r  
d i s s o l v e d  c a l c e i n  a t  A) pH 1 .2 6  A ) > pH 3*63 
pH 5 . 2 0  (5(C), pH 7-16  (O); B) pH 9 . H  (A), pH 
1 1 .2 7  (□) a n d  pH 1 2 .6 1  f t t ) .
( O ) ,
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Use o f  I m m o b i l i z e d  C a l c e i n  a s  a n  E n d p o i n t  D e t e c t o r
The u s e  o f  i m m o b i l i z e d  c a l c e i n  a s  a n  e n d p o i n t  d e t e c t o r
was d e m o n s t r a t e d  a s  a n  a p p l i c a t i o n  o f  i m m o b i l i z e d  c a l c e i n .
— &C u ( I I )  (5*75 x 10” m ol)  was t i t r a t e d  w i t h  EDTA a t  pH 7.
The r e s u l t s  w h ic h  a r e  p r e s e n t e d  a s  f l u o r e s c e n c e  i n t e n s i t y  
v e r s u s  volume EDTA a r e  shown i n  F i g u r e  55* F l u o r e s c e n c e  
i n t e n s i t y  i n c r e a s e s  s l i g h t l y  u n t i l  a r o u n d  t h e  c a l c u l a t e d  
e n d p o i n t  o f  359 jxL. A t  t h i s  p o i n t  t h e  f l u o r e s c e n c e  i n ­
c r e a s e s  s h a r p l y  and  c o n t i n u e s  t o  i n c r e a s e  a f t e r  t h e  e n d ­
p o i n t .  I t  i s  n o t  c l e a r  why t h e  f l u o r e s c e n c e  i n t e n s i t y  d o e s  
n o t  l e v e l  o f f ,  b u t  i t  c o u l d  be a  pH e f f e c t .
R e s p o n s e  a s  a n  I n d i r e c t  S e n s o r  f o r  Z n ( I I )
Z n ( I I )  i s  r e p o r t e d  t o  d i s p l a c e  C o ( I I )  f ro m  c a l c e i n  i n  
s o l u t i o n  and  c a u s e  a n  i n c r e a s e  i n  f l u o r e s c e n c e  ( 3 7 ) -  F o r  
t h i s  r e a s o n  t h e  i m m o b i l i z e d  c a l c e i n - C o ( I I )  c o m plex  was 
t e s t e d  a s  a  s e n s o r  f o r  Z n ( I I ) .  The r e s p o n s e  o f  t h e  immo­
b i l i z e d  c a l c e i n - C o ( I I ) c o m p lex  t o  Z n ( I I )  i s  shown i n  F i g u r e  
56 .  The f l u o r e s c e n c e  i n t e n s i t y  i n c r e a s e s  a s  A n ( I I )  d i s ­
p l a c e s  C o ( I I ) ,  b u t  t h e  r e l a t i v e  c h a n g e  i s  s m a l l .  T h i s  i s  
p r o b a b l y  b e c a u s e  t h e  b i n d i n g  c o n s t a n t  o f  c a l c e i n  f o r  Z n ( I I )  
i s  n o t  s u b s t a n t i a l l y  l a r g e r  t h a n  i t  i s  f o r  C o ( I I ) .  The 
b i n d i n g  c o n s t a n t s  ( e x p r e s s e d  a s  l o g  K) f o r  Z n ( I l )  and  C o ( I I )  
b i n d i n g  t o  IDA a r e  7 . 0 3  a n d  6 . 9 5 1 r e s p e c t i v e l y  ( ^ 6 ) .  Be­
c a u s e  o f  t h e  l i m i t e d  l i n e a r  r a n g e  and  s m a l l  c h a n g e  i n  s i g ­
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F i g u r e  55* A p l o t  o f  r e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s  a  
f u n c t i o n  o f  EDTA c o n c e n t r a t i o n  f o r  i m m o b i l i z e d  
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F i g u r e  5^ :  A p l o t  o f  r e l a t i v e  f l u o r e s c e n c e  i n t e n s i t y  a s
a  f u n c t i o n  o f  Z n ( I I )  c o n c e n t r a t i o n  f o r  t h e  
i m m o b i l i z e d  c a l c e i n  s e n s o r  i n  t h e  p r e s e n c e  o f  
C o ( I I ) .
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I m m o b i l i z e d  c a l c e i n  i n  t h e  p r e s e n c e  o f  a  q u e n c h e r  i o n  
c o u l d  be u s e d  t o  d e t e r m i n e  l i g a n d s  w h ic h  may co m p e te  w i t h  
c a l c e i n  f o r  t h e  q u e n c h e r .
CHAPTER VI
OTHER SYSTEMS STUDIED FOR USE AS SENSORS 
I n t r o d u c t i o n
T h i s  c h a p t e r  w i l l  b r i e f l y  d e s c r i b e  s e v e r a l  s y s t e m s  
w h ich  were  s t u d i e d  a s  p o s s i b l e  s e n s o r s ,  b u t  were  u n s u c c e s s ­
f u l .  T h ese  s y s t e m s  i n c l u d e d  8 - h y d r o x y q u i n o l i n e , q u i n a l i z -  
a r i n ,  a n d  2 , 2 ’ - d i h y d r o x y a z o b e n z e n e  whose s t r u c t u r e s  a r e  
shown i n  F i g u r e  57.  A l l  t h r e e  a r e  n o n f l u o r e s c e n t  and  fo rm  
f l u o r e s c e n t  c h e l a t e s  w i t h  a  number o f  m e t a l s  ( 2 2 ) .  The 
o b j e c t i v e  i n  s t u d y i n g  t h e s e  s y s t e m s  i s  t h e  same a s  f o r  t h e  
s y s t e m s  a l r e a d y  d e s c r i b e d :  t o  i m m o b i l i z e  t h e  r e a g e n t  and
u s e  t h e  c h an g e  i n  f l u o r e s c e n c e  b e h a v i o r  w i t h  m e t a l  i o n  a s  a  
means t o  d e t e r m i n e  t h e  m e t a l  i o n .
8 - h y d r o x y q u i n o l i n e  i s  a n  a t t r a c t i v e  c h o i c e  f o r  a  
s e n s i n g  f l u o r o g e n i c  r e a g e n t  b e c a u s e  i t  f o rm s  f l u o r e s c e n t  
c h e l a t e s  w i t h  many m e t a l s  i n c l u d i n g  Ag, A l ,  Mg, Ca, Cd, Zn, 
Sn ,  S r ,  and Ba ( 2 2 ) .  8 - h y d r o x y q u i n o l i n e  h a s  b e e n  i m m o b i l i z ­
ed v i a  a n  azo  l i n k a g e  w h ic h  k i l l s  f l u o r e s c e n c e  ( 1 7 ) •  I f  
8 - h y d r o x y q u i n o l i n e  i s  i m m o b i l i z e d  u s i n g  c y a n u r i c  c h l o r i d e  
v i a  t h e  p h e n o l  g ro u p  i t  w i l l  l o s e  i t s  c o m p l e x i n g  a b i l i t y ,  
s i n c e  t h e  p h e n o l  g ro u p  i s  i n v o l v e d  i n  com plex  f o r m a t i o n .
An a p p r o a c h  t o  i m m o b i l i z a t i o n  would be p r e p a r a t i o n  o f  an  
amine  d e r i v a t i v e  o f  8 - h y d r o x y q u i n o l i n e  f o r  i m m o b i l i z a t i o n  
on c o n t r o l l e d  p o r e  g l a s s  o r  p ow dered  c e l l u l o s e .  A s y n t h e ­
s i s  t o  fo rm  a n  amino d e r i v a t i v e  i s  shown i n  F i g u r e  58.
131
BC




n =h A ,
: S t r u c t u r e s  o f  A) 8 - h y d r o x y q u i n o l i n e , B)
q u i n a l i z a r i n ,  and  C) 2 , 2 ' - d i h y d r o x y a z o b e n z e n e .
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Na N 0 2 + HCI —> ( Q l Q )  + N a . C I + 2 H 2 0
F i g u r e  5 8 :  R e a c t i o n  s e q u e n c e  f o r  s y n t h e s i s  o f  5 -a -niino-
8 - h y d r o x y q u i n o l i n e .
1 3 ^
Q u i n a l i z a r i n  f o r m s  f l u o r e s c e n t  c h e l a t e s  w i t h  m e t a l s  
s u c h  a s  Mg and  A1 ( ^ 7 . ^ 8 ) .  Q u i n a l i z a r i n ,  l i k e  m o r i n  
( C h a p t e r  I V ) ,  c a n  e a s i l y  be i m m o b i l i z e d  on p o w d e red  c e l l u ­
l o s e  v i a  c y a n u r i c  c h l o r i d e .
2 , 2 ' - d i h y d r o x y a z o b e n z e n e  f o r m s  f l u o r e s c e n t  c h e l a t e s  
w i t h  m e t a l s  s u c h  a s  A 1 , Ga, S e ,  Mg, I n  (2 2 0 ,  and  was 
i m m o b i l i z e d  on  s i l i c a  g e l  u s i n g  c y a n u r i c  c h l o r i d e  by  D r .
M. D i t z l e r  a t  H o ly  C r o s s .  A b a t c h  o f  i m m o b i l i z e d  r e a g e n t  
was o b t a i n e d  f ro m  h i s  l a b o r a t o r y  f o r  s t u d y  a s  a  m e t a l  i o n  
s e n s o r .
E x p e r i m e n t a l
R e a g e n t s
8 - h y d r o x y q u i n o l i n e , sod ium  n i t r i t e ,  a n d  sod ium  d i -  
t h i o n i t e  w e re  p u r c h a s e d  f ro m  F i s h e r .  ft - n a p t h y l a m i n e  
h y d r o c h l o r i d e  was p u r c h a s e d  f ro m  B a k e r .  Q u i n a l i z a r i n  was 
a  p r o d u c t  o f  S c h e r i n g - K a h l b a u m  (A .G . ,  B e r l i n ) .
S y n t h e s i s  o f  5 - a m i n o - 8 - h y d r o x y q u i n o l i n e
3 - n a p t h y l a m i n e  h y d r o c h l o r i d e  ( 8 . 9 7 5  g» 0 . 0 5  m ol)  was 
d i s s o l v e d  i n  25 mL o f  w a t e r  and  c o o l e d  i n  a n  i c e  b a t h .
A f t e r  c o n c e n t r a t e d  HCL (6 mL) was add ed  t h e  t e m p e r a t u r e  
was m a i n t a i n e d  a t  5 ° C . Sodium n i t r i t e  (3 * ^ 5  g» 0 . 0 5  mol)  
was ad d ed  v e r y  s l o w l y  t o  t h e  n a p t h y l a m i n e  m i x t u r e ,  k e e p i n g  
t h e  t e m p e r a t u r e  b e lo w  5 ° C . T h i s  t o o k  1 h o u r .  E x t r a  sodium 
n i t r i t e  was ad d ed  u n t i l  s t a r c h  i o d i n e  p a p e r  t u r n e d  b l u e .  A 
s o l u t i o n  o f  8 - h y d r o x y q u i n o l i n e  ( 7 - 2 5  g* 0 . 0 5  m o l /2 0  mL) i n  
6fo NaOH was a d d e d .  A p u r p l e  p r o d u c t  r e s u l t e d  w h ic h  was
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f i l t e r e d  u s i n g  a  B u c h n e r  f u n n e l .  H a l f  o f  t h e  p r o d u c t  was 
m ixed  w i t h  50 mL o f  5$ sod ium  d i t h i o n i t e  and  h e a t e d  t o  
k5°C f o r  10 h o u r s .  S i n c e  no c h an g e  was n o t e d ,  a n  a d d i t i o n a l  
25 mL o f  5fo sod ium  d i t h i o n i t e  was a d d e d  and  t h e  m i x t u r e  was 
h e a t e d  t o  k5°C.  f o r  7 h o u r s .  Then t h e  t e m p e r a t u r e  was r a i s ­
ed to  60°C f o r  1 h o u r .  The l i q u i d  was rem oved  and  30 mL o f  
5fo sod ium  d i t h i o n i t e  was a d d e d  and h e a t e d  t o  80°C f o r  8 
h o u r s .  The p r o d u c t  c h a n g e d  f ro m  p u r p l e  t o  brown.  The 
l i q u i d  was rem oved  and  t h e  p r o d u c t  was f i l t e r e d  w i t h  a 
B u ch ner  f u n n e l ,  w ashed  w i t h  500 mL o f  w a t e r  and  d r i e d  a t  
room t e m p e r a t u r e .  The p r o d u c t  s h o u l d  be a  m i x t u r e ,  b u t  no 
s e p a r a t i o n  was a t t e m p t e d .
I m m o b i l i z a t i o n  o f  Q u i n a l i z a r i n  and  D e t e r m i n a t i o n  o f  
R e sp o n se  t o  A l ( l l l )
Q u i n a l i z a r i n  was i m m o b i l i z e d  on  f i l t e r  p a p e r  and 
pow d e red  c e l l u l o s e  by t h e  same p r o c e d u r e  a s  f o r  f l u o r e s c e i n -  
a m in e ,  m o r in ,  and  c a l c e i n .  The p r o d u c t  was p i n k  w i t h  o r a n g e  
f l u o r e s c e n c e  t h a t  was v i s i b l e  u n d e r  UV l i g h t .
The r e s p o n s e  o f  q u i n a l i z a r i n  i m m o b i l i z e d  on c e l l u l o s e  
t o  A l ( I I I )  was d e t e r m i n e d  u s i n g  t h e  f i b e r  o p t i c  f l u o r o m e t e r  
w i t h  e x c i t a t i o n  a n d  e m i s s i o n  w a v e l e n g t h s  o f  ^60 and  550  nm 
s e l e c t e d  by  i n t e r f e r e n c e  f i l t e r s .  The w a v e l e n g t h s  were  
b a s e d  on e x c i t a t i o n  a n d  e m i s s i o n  s p e c t r a  f o r  d i s s o l v e d  
q u i n a l i z a r i n .  F l u o r e s c e n c e  i n t e n s i t y  was m e a s u r e d  a s  m i c r o ­
l i t e r  am o u n ts  o f  a lum inum  s u l f a t e  ( 0 . 0 1  M) w ere  a d d e d  t o  
t h e  s e n s o r  i n  15 mL d i s t i l l e d  w a t e r .
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D e t e r m i n a t i o n  o f  t h e  R e s p o n s e  o f  I m m o b i l i z e d  2 , 2 ' - d ih .y d r o x y -  
azobenzene~  t o  A l ( l I l T
The r e s p o n s e  o f  2 , 2 ' - d i h y d r o x y a z o b e n z e n e  i m m o b i l i z e d  
on  s i l i c a  g e l  was d e t e r m i n e d  u s i n g  t h e  f i b e r  o p t i c  f l u o r o -  
m e t e r  w i t h  e x c i t a t i o n  and e m i s s i o n  w a v e l e n g t h s  s e l e c t e d  by- 
i n t e r f e r e n c e  f i l t e r s  w i t h  maximum t r a n s m i t t a n c e  o f  505 and  
550 nm, r e s p e c t i v e l y .  The s e l c t i o n  o f  w a v e l e n g t h s  was 
b a s e d  on s p e c t r a  o f  t h e  t h e  i m m o b i l i z e d  r e a g e n t  w h ic h  were  
o b a t i n e d  a t  D r .  D i t z l e r ' s  l a b o r a t o r y .  F l u o r e s c e n c e  i n t e n ­
s i t y  was m e a su re d  a s  m i c r o l i t e r  am o u n ts  o f  a luminum s u l f a t e  
( 0 . 0 1  M) w ere  a d d e d  t o  t h e  s e n s o r  i n  15 mL o f  d i s t i l l e d  
w a t e r .
R e s u l t s  and D i s c u s s i o n
A l l  t h r e e  o f  t h e  s y s te m s  s t u d i e d  w ere  n o t  u s e f u l  a s  
m e t a l  i o n  s e n s o r s .  The s y n t h e s i s  o f  5 - a m i n o - 8 - h y d r o x q u i n o -  
l i n e  d i d  n o t  a p p e a r  t o  be s u c c e s s f u l  and  was u n d e r a t a k e n  
u s i n g  o t h e r  m e th o d s  by a n o t h e r  p e r s o n  i n  o u r  r e s e a r c h  g r o u p ,  
R o b e r t  H udson ,  who was a l s o  u n s u c c e s s f u l  ( ^ 9 ) -  The u s e  o f  
8 - h y d r o x y q u i n o l i n e  a s  a s e n s o r  i s  s t i l l  d e s i r a b l e .  I t  h a s  
r e c e n t l y  b e e n  i m m o b i l i z e d  a s  8 - h y d r o x y q u i n o l i n e - 5 ~ s u l f o n i c  
a c i d  on a n i o n  e x ch a n g e  membrane a nd  i s  b e i n g  s t u d i e d  by 
a n o t h e r  r e s e a r c h  g ro u p  member, Zhang Z h u ju n .
I m m o b i l i z e d  q u i n a l i z a r i n  and  2 , 2 ' - d i h y d r o x y a z o b e n z e n e  
b o t h  h a v e  h i g h  b a c k g r o u n d  f l u o r e s c e n c e  and  show a  s m a l l  
r e l a t i v e  i n c r e a s e  i n  f l u o r e s c e n c e  w i t h  a d d e d  A l ( I I I )  i o n .
The h i g h  b a c k g r o u n d  f l u o r e s c e n c e  c o u l d  be due t o  i m p u r i t i e s  
i n  t h e  r e a g e n t s  o r  f l u o r e s c e n c e  o f  t h e  l i g a n d  a s  a  r e s u l t
o f  i m m o b i l i z a t i o n .  B e c a u se  i m m o b i l i z e d  m o r in  r e s p o n d s  
more s e n s i t i v e l y  t o  A l ( I I I )  i t  was s t u d i e d  a s  a  s e n s o r  f o r  
A l ( I I I )  i n s t e a d  o f  e i t h e r  q u i n a l i z a r i n  o r  2 , 2 ' - d i h y d r o x y ­
a z o b e n z e n e .  F o r  t h i s  r e a s o n  f u r t h e r  s t u d y  on  t h e s e  r e a g e n t s  
was n o t  u n d e r t a k e n .  E i t h e r  s y s t e m  may s t i l l  s e r v e  a s  a  
s e n s o r  f o r  o t h e r  m e t a l  i o n s  s i n c e ,  by p r o p e r  s e l e c t i o n  o f  
w a v e l e n g t h s ,  t h e  b a c k g r o u n d  f l u o r e s c e n c e  may be d e c r e a s e d  
r e l a t i v e  t o  t h e  f l u o r e s c e n c e  o f  t h e  c o m p le x e s  fo r m e d .
CHAPTER VII
CONCLUSIONS AND FUTURE WORK
The s e n s o r s  b a s e d  on i m m o b i l i z e d  f l u o r e s c e i n a m i n e  a n d  
i m m o b i l i z e d  m o r in  o f f e r  s e v e r a l  a d v a n t a g e s  i n  r e l a t i o n  t o  
c o n v e n t i o n a l  s o l u t i o n  f l u o r e s c e n c e  m e th o d s .  The s e n s o r s  do 
n o t  p e r t u r b  t h e  sa m p le  and  c a n  be u s e d  f o r  c o n t i n u o u s  s e n s ­
i n g .  I m m o b i l i z a t i o n ,  h o w e v e r ,  r e s u l t s  i n  some u n d e s i r a b l e  
p r o p e r t i e s .  The f l u o r e s c e n c e  i n t e n s i t y  o f  f l u o r e s c e i n  i s  
l o w e r e d  upon  i m m o b i l i z a t i o n  due i n  p a r t  t o  c o n c e n t r a t i o n  
q u e n c h i n g .  T h i s  c a u s e s  a  l o w e r  s e n s i t i v i t y .  The u s e  o f  
i m m o b i l i z e d  m o r in  f o r  t h e  d e t e r m i n a t i o n  o f  A l ( I I I )  o r  B e ( I I )  
r e s u l t s  i n  p o o r e r  d e t e c t i o n  l i m i t s  t h a n  c a n  be a t t a i n e d  i n  
s o l u t i o n .  T h i s  i s  m a i n l y  due  t o  v a r i a t i o n s  i n  b a c k g r o u n d  
f l u o r e s c e n c e .
I m m o b i l i z e d  c a l c e i n  h a s  b e e n  shown t o  fo rm  s t r o n g  
c o m p le x e s  w i t h  a  number  o f  m e t a l  and  d o e s  n o t  f u n c t i o n  a s  a  
t r u e  s e n s o r .  I m m o b i l i z e d  c a l c e i n  c a n  be u s e d  f o r  o t h e r  
a p p l i c a t i o n s  w h ic h  t a k e  a d v a n t a g e  o f  c a l c e i n ' s  s t r o n g  
a f f i n i t y  f o r  m e t a l s  and  c h a n g e  i n  f l u o r e s c e n c e  w i t h  m e t a l  
b i n d i n g .  One a p p l i c a t i o n  i s  t h e  u s e  o f  i m m o b i l i z e d  c a l c e i n  
a s  a  c h e l a t i n g  r e s i n  f o r  s e p a r a t i o n  o r  c o n c e n t r a t i o n  o f  
m e t a l s .  An e x p e c t e d  a d v a n t a g e  f o r  i m m o b i l i z e d  c a l c e i n ,  
w h ic h  h a s  b i n d i n g  c o n s t a n t s  s i m i l a r  t o  C h e le x - 1 0 0  ( 4 6 ) ,  i s  
t h a t  i m m o b i l i z e d  c a l c e i n ' s  l o s s  o f  f l u o r e s c e n c e  w i l l  i n d i ­
c a t e  s a t u r a t i o n  o f  t h e  r e s i n  w i t h  m e t a l .  O t h e r  a p p l i c a -
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t i o n s  f o r  i m m o b i l i z e d  c a l c e i n  w h ich  t a k e  a d v a n t a g e  o f  t h e  
s t r o n g  c h e l a t i n g  a b i l i t y  a r e  u s e  a s  a n  e n d p o i n t  d e t e c t o r  i n  
c h e l a t o m e t r i c  t i t r a t i o n s  a nd  u s e  f o r  d e t e r m i n a t i o n  o f  m e t a l  
b i n d i n g  c o n s t a n t s  f o r  l i g a n d s  w h ich  com p e te  w i t h  c a l c e i n  
f o r  m e t a l s .
The s u p p o r t  u s e d  f o r  i m m o b i l i z a t i o n  and  i t s  a t t a c h m e n t  
t o  t h e  f i b e r  o p t i c  s h o u l d  be im p r o v e d .  Pow dered  c e l l u l o s e  
was u s e d  a s  a  s u p p o r t  i n s t e a d  o f  c o n t r o l l e d  p o r e  g l a s s  
b e c a u s e  o f  t h e  h i g h e r  i n t e n s i t y  o b t a i n a b l e  when s i m i l a r  
am o u n ts  a r e  i m m o b i l i z e d  t o  e a c h  s u p p o r t .  A g r e a t e r  number 
o f  r e a g e n t s  c a n  be i m m o b i l i z e d  on  p o w d e re d  c e l l u l o s e  t h a n  
on c o n t r o l l e d  p o r e  g l a s s .  R e a g e n t s  i m m o b i l i z e d  on  c e l l u l o s e  
v i a  c y a n u r i c  c h l o r i d e ,  h o w e v e r ,  a r e  s u b j e c t  t o  h y d r o l y s i s  
a t  h i g h  pH. B oth  p o w dered  c e l l u l o s e  a n d  c o n t r o l l e d  p o r e  
g l a s s  c a u s e  s c a t t e r i n g ,  r e s u l t i n g  i n  a  r e l a t i v e l y  h i g h  b a c k ­
g r o u n d .  The p r o b l e m  w i t h  a t t a c h m e n t  o f  t h e s e  s u p p o r t s  t o  
t h e  end  o f  t h e  o p t i c  have  a l r e a d y  b e e n  m e n t i o n e d .
S o l u t i o n s  t o  t h e s e  p r o b l e m s  m i g h t  i n v o l v e  c h o i c e  o f  a  
s u p p o r t  w h ich  i s  c l e a r  and  e a s y  t o  a t t a c h  t o  t h e  o p t i c .  The 
i m m o b i l i z e d  r e a g e n t  s h o u l d  be s t a b l e  t o  c l e a v a g e .  A c l e a r  
f i l m  w h ic h  c a n  be h e l d  i n  p l a c e  on t h e  end o f  t h e  o p t i c  
would  o f f e r  a d v a n t a g e s  o v e r  s u p p o r t s  w h ic h  n e e d  t o  be g l u e d  
t o  t h e  s u r f a c e .  A s u p p o r t  w i t h  t h e  same r e f r a c t i v e  i n d e x  
a s  w a t e r  would  r e d u c e  s c a t t e r i n g .  A s u p p o r t  w h ic h  h a s  
t h e s e  a d v a n t a g e s  i s  a n i o n  e x c h a n g e  membrane w h ic h  h as '  r e ­
c e n t l y  b e e n  u s e d  i n  o u r  r e s e a r c h  g ro u p  f o r  i m m o b i l i z a t i o n  
o f  a n i o n i c  f l u o r o g e n i c  r e a g e n t s .  O t h e r  a l t e r n a t i v e s  a r e
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i m m o b i l i z a t i o n  on p o l y v i n y l  c h l o r i d e ,  p o l y v i n y l  a l c o h o l ,  
c e l l u l o s e  d i a l y s i s  t u b i n g ,  o r  c e l l o p h a n e  (w h ich  i s  t r a n s ­
p a r e n t ,  f l e x i b l e  c e l l u l o s e ) .
I n  f u t u r e  work t h e  i n s t r u m e n t a t i o n  c a n  be m o d i f i e d  f o r  
u s e  w i t h  o t h e r  f l u o r o g e n i c  r e a g e n t s .  F u s e d  s i l i c a  f i b e r  
o p t i c s  w h ic h  t r a n s m i t  i n  t h e  UV w iden  t h e  c h o i c e  o f  f l u o r o ­
g e n i c  r e a g e n t s  w h ich  c a n  be u s e d .  A t r i f u r c a t e d  f i b e r  o p t i c  
w h ic h  h a s  one  s i l i c a  an d  two g l a s s  a rm s h a s  r e c e n t l y  b e e n  
a q u i r e d  and  i s  b e i n g  u s e d .  A more i n t e n s e  s o u r c e  i s  d e s i r ­
a b l e  i n  somes c a s e s ;  t h i s  h a s  a l s o  b e e n  p r u c h a s e d .
I n  g e n e r a l ,  t h e  m e t a l  s e n s i n g  f l u o r o g e n i c  r e a g e n t s  
u s e d  i n  t h i s  r e s e a r c h  w ere  n o n f l u o r e s c e n t  and  became f l u o ­
r e s c e n t  w i t h  ad d ed  m e t a l  i o n  ( o r  were  n o n f l u o r e s c e n t  and  
w ere  q u e n c h e d  w i t h  a d d e d  m e t a l  i o n ) . F o r  f u t u r e  work  t h e  
c h o i c e  o f  r e a g e n t s  n e e d  n o t  be l i m i t e d  t o  t h i s  t y p e .  Any 
c h a n g e  i n  f l u o r e s c e n c e  b e h a v i o r  w i t h  pH o r  m e t a l  i o n  may 
be  u t i l i z e d .  F o r  e x a m p le ,  a  c h a n g e  i n  e m i s s i o n  w a v e l e n g t h  
w i t h  c h a n g e s  i n  pH o r  m e t a l  i o n  c o n c e n t r a t i o n  c a n  be u s e d  
i f  e m i s s i o n  i n t e n s i t y  i s  m o n i t o r e d  a t  two a p p r o p r i a t e  wave­
l e n g t h s  and  a  r a t i o  o f  i n t e n s i t i e s  i s  t a k e n .  T h i s  i s  c u r ­
r e n t l y  b e i n g  i n v e s t i g a t e d  by o u r  r e s e a r c h  g r o u p .
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